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Abstract 

Based on previous studies deriving the chiral Lagrangian for pseudo scalar mesons from the 
first principle of QCD, we derive the electroweak chiral Lagrangian and build up a formulation for 
computing its coefficients from one-doublet technicolor model and a schematic topcolor-assisted 
technicolor model. We find that the coefficients of the electroweak chiral Lagrangian for the 
topcolor-assisted technicolor model are divided into three parts: direct TC2 interaction part, TCI 
and TC2 induced effective Z' particle contribution part, and ordinary quarks contribution part. 
The first two parts are computed in this paper and we show that the direct TC2 interaction part is 
the same as that in the one-doublet technicolor model, while effective Z' contributions are at least 
proportional to the p 2 order parameter (3i in the electroweak chiral Lagrangian and typical features 
of topcolor-assisted technicolor model are that it only allows positive T and U parameters and the 
T parameter varies in the range ~ 1/(25q), the upper bound of T parameter will decrease as 
long as Z' mass become large. The S parameter can be either positive or negative depending on 
whether the Z' mass is large or small. The Z 1 mass is also bounded above and the upper bound 
depend on value of T parameter. We obtain the values for all the coefficients of the electroweak 
chiral Lagrangian up to order of p 4 . 
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I. INTRODUCTION 



The electroweak symmetry breaking mechanism (EWSBM) remains an intriguing puzzle 
for particle physics, although the Standard Model (SM) provides us with a version of it 
through introducing a higgs boson into the theory which suffers from triviality and unnat- 
uralness problems. Beyond SM, numerous new physics models are invented which exhibit 
many alternative EWSBMs. With the present situation that higgs is still not found in 
experiment, all new physics models at low energy region should be described by a theory 
which not only must match all present experiment data, but also have no higgs. This theory 
is the well-known electroweak chiral Lagrangian (EWCL) HB.S which offers the most 
general and economic description of electroweak interaction at low energy region. With 
EWCL, new physics models at low energies can be parameterized by a set of coefficients, 
it universally describes all possible electroweak interactions among existing particles and 
offers a model independent platform for us to investigate various kinds EWSBMs. Starting 
from this platform, further phenomenological research focus on finding effective physical 
processes to fix the certain coefficients of EWCL , and theoretical studies concen- 

trate on consistency of EWCL itself such as gauge invariance [3] and computing the values 
of the coefficients for SM with heavy higgs 8J. Systematic theoretical computation of the 
EWCL coefficients for other new physics models have not been presented in the literature. 
The possible reasons are that for weakly coupled models, since one can perform perturba- 
tive computations, people prefer to directly discuss physics from the model and then are 
reluctant to pay the extra price to compute EWCL coefficients. While for strongly coupled 
models, non-perturbative difficulties for a long time prevent people to perform dynamical 
computations, only for special coefficients such as S parameter, some non-perturbative tech- 
nique may be applied to perform calculations 9| or for special QCD-like technicolor models, 
in terms of their similarities with QCD, one can estimate the coefficients of EWCL in terms 
of their partners fixed by experimental data in corresponding QCD chiral Lagrangian. The 
estimation of EWCL coefficients for various models is of special importance in the sense 
that at present we already have some quantitative constraints on them, such as those for 
the 5", T, U parameters and more generally for anomalous triple and quartic couplings 10| , 
along with the experimental progress, more constraints will be obtained. Once we know the 
values of the coefficients for detailed models, these constraints can directly be used to judge 
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the correctness of the model. It is the purpose of this paper to develop a formulation to 
systematically compute coefficients of EWCL for strongly coupled new physics models. For 
simplicity, in this work we only discuss the bosonic part of EWCL and leave the matter part 
for future investigations. The basis of our formulation is the knowledge and experiences we 
obtained previously from a series of works deriving the chiral Lagrangian for pseudo scalar 
mesons from QCD first principles ll| and calculate coefficients in it |12|, [Lj, llj] , where we 
found confidence and reliability in this work. In fact, the formal derivation from a general 
underlying technicolor model to EWCL was already achieved in Ref.fl in which except 
deriving EWCL, coefficients of EWCL are formally expressed in terms of Green's functions 
in underlying technicolor model. Once we know how to compute these Green's functions, we 
obtain the corresponding EWCL coefficients. The pity is that the computation is nonpertur- 
bative, therefore not easy to achieve, it is the aim of this paper to solve this nonperturbative 
dynamical computation problems. 

As the first step of performing dynamical computations, we especially care about the 
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ityof the formulation we will develop. We take one-doublet technicolor model 16, 



191 ] as the prototype to build up our formulation. Although this model as the 



earliest and simplest dynamical electroweak symmetry breaking model was already denied 
by experiment in the sense that it results in too large a value for the S parameter, but due to 
the following reasons, we still start our investigations from here. First, it is similar as QCD in 
the theory structures which enable us to easily generalize the techniques developed in dealing 
with the QCD chiral Lagrangian to this model and we call this generalized formulation the 
dynamical computation prescription. Second due to their similarities with conventional 
QCD, the coefficients of their EWCLs can be estimated by just scaling-up cor resp onding 



coefficients in QCD Gasser-Leutwyler chiral Lagrangian for pseudo scalar mesons [20| and we 
call this formulation the Gasser-Leutwyler's prescription which naively is only applicable for 
those QCD-like models. So for QCD-like models, we have two prescriptions which enable us 
to compare them with each other to check the correctness and increase the reliability of our 
formulations. Beyond the traditional one-doublet technicolor model, we choose the topcolor- 
assisted technicolor model as the first real practice model to perform our computations. The 
reason to take it is that this model is not QCD-like and is active on the market now which 
does not seriously contradict with experimental data as the case of one-doublet technicolor 
model and the dynamics responsible for electroweak symmetry breaking is similar to that 
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in the one-doublet technicolor model. We will find that the coefficients for topcolor-assisted 
technicolor model can be divided into three parts: direct TC2 interaction part, TCI and 
TC2 induced effective Z' particle contribution part and ordinary quarks contribution part. 
The first two parts are computed in this paper and we show that direct TC2 interaction 
part is same as that in one-doublet technicolor model, while TCI and TC2 induced effective 
Z' particle contributions is at least proportional to p 2 order parameter (3\ in EWCL and 
typical features of topcolor-assisted technicolor model are that it only allows positive T and 
U parameters and the T parameter varies in the range ~ 1/ (25a), the upper bound of T 
parameter will decrease as long as Z' mass become large. The S parameter can be either 
positive or negative depending on whether the Z' mass is large or small. The Z' mass is 
also bounded above and the upper bound depend on value of T parameter. We obtain the 
values for all the coefficients of the electroweak chiral Lagrangian up to order of p 4 . 

This paper is organized as follows. Section II is the basics of the work in which we dis- 
cuss one-doublet technicolor model. We first review the Gasser-Leutwyler's prescription, 
then build up our dynamical computation prescription, we show how to consistently set in 
the dynamical computation equation (the Schwinger- Dyson equation) into our formulation. 
We make comparison between two prescriptions to check validity of the results from our 
dynamical computation prescription. Section III is the main part of this work in which 
we apply our formulations developed in one-doublet technicolor model to topcolor-assisted 
technicolor model. We perform dynamical calculations on technicolor interactions and then 
integrate out colorons and Z 1 to compute EWCL coefficients. Since this is the first time to 
systematically perform dynamical computations on the strongly coupled models, we empha- 
size the technical side more than physics analysis and display the computation procedure 
a little bit more in detail. Section IV is the conclusion. In the appendices, we list some 
requisite formulae. 



II. DERIVATION OF THE ELECTROWEAK CHIRAL LAGRANGIAN FROM 
THE ONE-DOUBLET TECHNICOLOR MODEL 



Consider the one-doublet technicolor (TC) model proposed by Weinberg and 
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Susskind independently 
(SU(N) TC , SU(3) c , SU(2) l , U{1) y 



as ipi 



19]. The techniquarks are assigned to 
~ (V, 1,2,0), U R = (1/2 + r 3 /2)^ ~ 
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(N, 1, 1, 1/2), D R = (1/2 - r 3 /2), ip R ~ (N, 1, 1, -1/2). With these assignments, the tech- 
niquarks have electric charges as defined by Q = T3 + Y, of +1/2 for U and —1/2 for D. 
It can be shown below, by dynamical analysis through the Schwinger- Dyson equation, that 
the SU {N)tc interaction induces the techniquark condensate (ipip) 7^ 0, which will trig- 
ger the electroweak symmetry breaking SU(2)l x U(1)y — > U(1)em- Neglecting ordinary 
fermions and gluons, we focus on the action of the techniquark, technicolor-gauge-boson 
and electroweak-gauge-boson sector, i.e. the electroweak symmetry breaking sector (SBS) 
of this model, 



Ssbs = I d x 



(1) 



where g-rc; 92 and g\ (G", and B^) are the coupling constants (gauge fields) of 
SU(N) TC x SU(2) L x U(1) Y with technicolor index a (a = 1, 2, . . . , N 2 - l) and weak 
index a (a = 1,2,3) respectively; and F" v , W® and S^jy are the corresponding field strength 
tensors; t a (a — 1, 2, . . . , iV 2 — 1) are the generators for the fundamental representation of 
SU {N)tc, while r a (a = 1, 2, 3) are Pauli matrices; and the left and right chirality projection 
operators Pl = (1 =1= js)/2. 

To derive low energy effective electroweak chiral Lagrangian from the one-doublet TC 
model, we need to integrate out the technigluons and techniquarks above the electroweak 
scale which can be formulated as 

J VG^V^exp fiSsBslG^W^B^j,^ = j P^(C/)exp (iS^W^B^ , (2) 

where U(x) is a dimensionless unitary unimodular matrix field in the electroweak chiral 
Lagrangian, and Vfi(U) denotes the corresponding functional integration measure. 

As mentioned in previous section, there are two different approaches, one is the Gasser- 
Leutwyler's prescription, the other is the dynamical computation prescription. The second 
approach we developed in this paper is relatively easy to be generalized to more complicated 
theories. We will compare the results obtained in both approaches. 
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A. The Gasser-Leutwyler's Prescription 



As we will see, it is easy to relate QCD-like models to chiral Lagrangian using the Gasser- 
Leutwyler's prescription. To begin, we substitute ([T]) into the left-hand side of Eq.(j2j) and 
the result path integral involved technicolor interaction is analogous to QCD and then we 
can use technique developed by Gasser and Leutwyler relating it with the path integral of 
chiral Lagrangian for goldstone bosons induced from SBS j^ . 



/ VG^VipVip explif d 4 x 



paper + $U$- 9TC t«0 a - g 2 T iW a P L - gi^$P^ 



1 pa 
4 



J ZtyZtyexp{i / &x$[i$ - g 2 T iW a P L - gx T i$P R ]^} 

-induced eff 

[U,W,B]}, (3) 

in which the denominator of the left hand side of above equation is introduced to insure 
the technicolor-induced chiral effective action Src-induced es[U, W, B] normalized as zero when 
we switch off technicolor interactions by setting g TC — and Src-induced es[U, W, B] can be 
written as 

^TC-inducedefftf/,^,5] = I d*X ^^tl [( (V „U)} + L\ D [tr( V^)] 2 

+Lfti[Vfi ] V u U]ti[V^V u U] + 4 D tr[(V /i C/ t V M [7) 2 ] 



-H™tY[F*F R ^ u + F^F L '^ 



0(P 6 ) , (4) 



where the coefficients -F 1E \ L\ D , Ll D , Ll B , L\^, Hl D arise from SU(N)tc dynamics at the 
scale of 250 GeV, and where 



r 3 r 
—B^ Ip = -91- 



F f v = *Pm ~ "V, d » - ir A F%, =i[d„- U„, d u - il v ] r„ = -gi—B^ ^ = -g 2 — W£ . (5) 



Note that conventional U field in Eq.(jl]) given in second paper of [20j is 3 x 3 unitary 
matrix. However, for the SU(2)l x SU(2)r electroweak chiral Lagrangian we considered in 
this paper, U is a 2 x 2 unitary matrix, and thus the L\ D term and the L\ B term in present 
situation are linearly related, 

LftrKV^V^f/) 2 ] = Ll D tr\[U\V>*U)U\V»U)} 2 } = ^\ix[U\V*U)U\V*U)]\ (6) 



a, 



Comparing covariant derivative for U given in (jSj) and covariant derivative given in Ref 
we find we must recognize & = U, V ' Jft = D^U, F^ v = —gi^B^ and F^ v = -^yW^V 
Substitute them back into Eq. (Tj0), we obtain 

d 4 x -l^tr(X At X^) + (Li D + ^-)[tr(X^)] 2 
rlD 

+Lf[ti{X,X v )f - i-±-g 1 B, a ,tr(r i X"X u ) - iL™tT(W, u X»X») 



t ID rrlD 

+T^tr(rWn + ?h-&B ia ,B'°' + ^ 1D tr(W^) 



• (7) 



where 

X M = U\D^U) = U^g 2 W, u U , (8) 

We have reformulated the EWCL in terms of X^ and r 3 instead of V M and T in Ref.j^j], 
the corresponding relations are given in Appendix A. Comparing ([7]) with the standard 
electroweak chiral Lagrangian given in Ref.|2|, we find 

rlD 

f = (F 1D ) 2 , fr = 0, a 1 = L^, a 2 = a 3 = -^, a A = Lf , 

a 5 = L{ D + ^ r , a l = (i = 6,7,...,14). (9) 

Note that in ([7J, the term with coefficient H]° do not affect the result a, coefficients. Not 
like the original case of QCD, now is a finite constant. The divergences are from the 
term Trlog(i# - g 2 ^ a P L - giY$ P R> in © which will only contribute ^{W^W^) and 
B^B yi terms with divergent coefficients due to gauge invariance. These divergent coefficients 
in combined with will cause wave function renormalization corrections for and 
fields which further lead redefinitions of and B^ fields and their gauge couplings g 2 and 
g\. This renormalization procedure will have no effects on our EWCL, since all electroweak 
gauge fields appeared in EWCL are as form of g 2 W® and g\B^ which are renormalization 
invariant quantities. Due to this consideration, in rest of this paper, we just left the wave 
function corrections to electroweak gauge fields W® and B^ in the theory and skip the 
corresponding renormalization procedure. 



B. The Dynamical Computation Prescription 

Now we develop a dynamical computation program and we will apply it to more compli- 
cated model in next section. 
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We first review the derivation process given in Ref.[15| and start with introducing a 
local 2x2 operator 0(x) as 0(x) = tTi c [i/jL(x)ipR(x)] with tr/ c is the trace with respect 
to Lorentz and technicolor indices. The transformation of 0(x) under SU(2)l x U(1)y is 
0(x) — > Vl{x)0(x)V r (x). Then we decompose 0(x) as 0(x) = £' L (x)a(x)£ii(x) with the 
cr(x) represented by a hermitian matrix describes the modular degree of freedom; while 
and £r(x) represented by unitary matrices describe the phase degree of freedom of 
SU{2) L and U(l)y respectively Their transformation under SU(2) L x U(l)y are a(x) — »■ 
h(x)a{x)W{x), £ L {x) -> fe(x)^ L (z)Vj(x) and^(x) -> /i(x)6j(x)VfS(x) with = e^ 3 ^ 3 / 2 
belongs to an induced hidden local U(l) symmetry group. Now we define a new field U{x) 
as U(x) = which is the nonlinear realization of the goldstone boson fields in 

the electroweak chiral Lagrangian. Subtracting the cr(x) field, we find that the present 
decomposition results in a constraint £l(x)0(x)£ r (x) — ^r(x)0^ (x)^ l (x) = 0, the functional 
expression of it is 

J Vii{U)F[0}5{t L Ot} R - UO^l) = const. , (10) 

where Vfi(U) is an effective invariant integration measure; J-[0] only depends on O, and it 
compensates the integration to make it to be a constant. It is easy to show that ^[0] is 
invariant under SU(2)l x U(l)y transformations. Substituting Eq. fllOl) into the left-hand 
side of Eq. (j2|) , we have 

VG^V^exp (^iSsBsiG^W^B^^^Yj = J Vfi(U)exp yiS e g[U, W^, B^j , (11) 

where 

S^W^BJi (12) 
= J d 4 x(~W^W a ^-^B^Bn-^og J VG a ^Vij^[0}5^ L 0^ R -^ R 0^[) 

x exp |z J d A x - \F* v F a ^ + $(0- g TC t a a - <fey tf^L - 9i^$Pr\ V> } 

To match the correct normalization, we introduce in the argument of logarithm function the 
normalization factor / V^Vijje 1 ^ x ^ i$ ~ 9 ^ ^ ap L-9i4 = expTrlog(z$ - g 2 ^^ a P L - 
g 1 : Y$P R ) and then take a special SU{2) L x U(l)y rotation, as Vl(x) = £l(x) and Vr(x) = 
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£r(x), on both numerator and denominator of the normalization factor 



S&[U,W*BA 



(13) 



A " 



\b, v B^) + Trlog(0 - g 2 ^-^ a P L - 



lot 



where rotated fields are denoted as follows 



■0? = Pl£l(x)iPl(x) + P R ^ R (x)ip R (x) 



o c (x) = ei(x)o(x)ei(x) 



(14) 



r 



In fl 13H . the possible anomalies caused by this special chiral rotation are canceled between 



the numerator and the denominator. Thus Eq.( jl3i) can be written as 

S cS [U, W«, = J d 4 x(-±W« u W a ^ - -B^) + S anom [U, W«, B,} + S norm p, W£, B„],(15a) 
where 

s m \u,w;,B,\ = 



x 



and 



-zlog J VG°V^V^ ^[0^6(0^ - 0\) exp U J d 



^anomf^W;,^] = Tr ]og{0 - g 2 T - ty a P L - gj- $P R ) 

-Tr \og{i$ - g-^W\P L - 9ij$zPr) 



4 » v 



(15b) 



(15c) 



It is worthwhile to show the transformations of the rotated fields under SU(2)l x U(1)y 
are ^(x) — > h(x)ip^(x), 0^(x) — > h{x)0^{x)h\x) with h(x) defined previously describes 
an invariant hidden local U(l) symmetry. Thus, the chiral symmetry SU(2)l x U(1)y 
covariance of the unrotated fields has been transferred totally to the hidden symmetry U(l) 
covariance of the rotated fields. We can further find combination of electroweak gauge fields 
92Y W Iij.( x ) ~ 917^^(1) -> h(x)[g 2 ^Wl^{x) - g 1 ^B^{x)}h)(x) transforms covariantly, 



while alternative combination g2 T jW^ Jx) + gi^B^ 



x 



h(x)[g^iW^(x)+ gi ^B^ 



x 



2id tl ]h*(x) transforms as the "gauge field" of the hidden local U(l) symmetry. 
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With technique used in Ref. 11|, the integration over technigulon fields in Eq. (115bj) can 
be formally integrated out with help of full n-point Green's function of the G^-field •"^™, 
thus Eq. (ll5bp after integration becomes 



3 iSn<,rm[l/,^,S^] 



V^V^ ^[0^5(0^ - 0\) exp 



d 4 x^ (i$ - 92^\Pl - 9i T ~$ i P R ) ^ 



n=2 



/ d 4 Xi . . . d 4 x 1 



(-ig T c)' 



ni 



r„).^, ; (,-,)... 



• (is) 



where effective sources J^ a (x) are identified as J^ a (x) = il>^(x)t a 'j^ip^(x). 



1. Schwinger-Dyson Equation for Techniquark Propagator 

To show that the technicolor interaction indeed induces the condensate {^ip) ^ which 
triggers the electroweak symmetry breaking, we investigate the behavior of the techniquark 
propagator S ap (x,x') = (ip^(x)ip^(x')) in the following. Neglecting the factor T[0^\5{0^ — 
0|) in Eq. <\16^ , the total functional derivative of the integrand with respect to ip^{x) is zero, 
(here and henceforth the suffixes a and p are short notations for Lorentz spinor, techniflavor 
and technicolor indices,) i.e., 

r.3 



= /P ^^) 6XP 



d A x(^I + J^) + 1 / d 4 x^ i$ - to—ty\P L - gi-$^P R W 



/ d 4 x\ . . . d 4 x n 



(-ifltc)' 



n=2 



ni 



(17) 



where J(x) and I(x) are the external sources for, respectively, ip^{x) and ^(x); and which 
leads to 

3 

ai 2 







i$ x - g£tyl(x)P L - 9l T -$^x)P R 



rbUx) 



J2 j d 4 x 2 . . . d 4 x S^^ G^;;2{x,x 2 , . . . ,x n W^)^{x)J^ 2 {x 2 ) . . . Jg>„)^ 



where we have defined the notation ((••■))/ in this section by 



{{0{x))) I = / V^V^O(x)exp 



+2 J d 4 X^ (i$ - g 2 T -^W\PL ~ tfly^Pi^ 

(xi,...,x n )J^ x (xi). 



..J: 



H n 



(Xr 



n=2 



(19) 
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Taking functional derivative of Eq. (fT8|) with respect to I p {y), and subsequently setting / 
/ = 0, we obtain 







- y) + i 



- £ J d 4 x 2 . . . d*x n ^^GZ:Z (x,x„..., x n ) 

X<^(y)(t- 7 ^) ffT ^(x)J^ 2 (x 2 ) . . . Jta n M) , 



(20) 

where we have defined vacuum expectation value (VEV) (•••) by (0(x)^j = 
(( 1 ))/| /= / =0 . If we neglect higher-point Green's functions ,and further taking fac- 
torization approximation, i.e., (^|(?/)^£ (x)^J (a^)?/'!^)) ~ (y)V'f (^O/^J O^V'IO*^)) — 
(^(y)tpl(x 2 ))(i''l(x2)'4'l(x)), we obtai 



am 



8 ap 8(x-y) +i 



K - g^\(x)P L - gi -$ e { x )P R 



a 



T 

~2 



-g 2 TC J rf 4 x 2 G^^(x,x 2 )r i 7 Ml ) CT r(t Q2 7 M2 ) 75 <^(y)^(x 2 ))<^ 7 (x 2 )^(x)> , (21) 

where we have used (^(x 2 )t Q2 7 /i2 ^(a; 2 )) = 0, which comes from the Lorentz and gauge 
invariance of vacuum. We denote the technifermion propagator S ap (x,x') = (tp^(x)ip^(x')), 
multiplying inverse of technifermion propagator in both sides of Eq. ( 12TT) , it then is written 
as the Schwinger-Dyson equation (SDE) for techniquark propagator, 

-3 







-9T C G a ^ 2 (x,y) 
By defining techniquark self energy as 

i^a P (x,y) = S~p(x,y) + i 
the SDE fl22l) can also be written as 



$ x - g2 T -Ml\(x)P L - gi j$^(x)P R 



5(x-y) 



J ap 



1f Xl 'f 1 S(x,y)t aa 'y 



(22) 



-g 2 \W a i {x)P L -g l T -$^x)P R 



5(x - y) 



(23) 



up 



iZ ap (x,y)=g 2 TC G^ 2 (x,y) 



t a ^^S(x,y)t a2 ^ 2 



(24) 



ap 



Moreover, from the fact that technigluon propagator is diagonal in the adjoint representation 
space of technicolor group, i.e., G^£{x,y) = 5 al3 G pu (x,y), and techniquark propagator is 
diagonal in the techniquark representation space of technicolor group, and also (t a t a ) a b = 



12 



C 2 (N)5 a b for the fundamental representation of SU(N), Eq. (}24]) is diagonal in technicolor 
indices a, b and diagonal part satisfy 

2 



y) = C 2 {N)g> TC G^ 2 {x,y)[~rS{x,y)Y% 



(25) 



where {i, j}, and {77, £} are, respectively, techniflavor and Lorentz spinor indices; and the 
Casimir operator C 2 (N) = (N 2 - 1)/(2N). 



& = = Case: the Gap Equation 

The technigluon propagator in Landau gauge is G^(x,y) = 5 al3 j -^Ae~ tp ^ x ~ v ^G^ u {p 2 ) 
with Gf, u (p 2 ) = _ p2[1+ n(_p2)] (5W -PpPvlp 2 )- And the techniquark self energy and propagator 
are respectively 



d A p 

WY 4 



d 4 p 

W) 4 



ip(x - y) S^(p) , (26) 



with S%-(p) = — S(— p 2 )]^ c . Substituting above results into the SDE (1251) . we have 



d 4 q 



-C 2 {N)g, 



TC 



(p - q)u(p - q)u 



ip-q)' 



1 v 



V 



-r 



J (2ir)*(p-q) 2 [l + Tl{-(p-q) 2 
from which we can see that the solution of the techniquark self energy must be diagonal in 
techniflavor space, since the integration kernel is independent of techniflavor indices, i.e., 
p 2 ) = S l ^H^(— p 2 ). With the assumption that the techniquark self energy is diagonal 
and equal in Lorentz spinor space, leads to the following two equations 
Jh_o^AA f A«tc[-(p-9) 2 ] S(-g 2 ^ 



(27) 



tZ(-p z ) = 3C 2 (N) 



47T 3 {p — q)'" 



(I 1 



E 2 (~q 2 ) 



aTc[-(p-q) 2 ) 



(p-q)' 



(p - q)n(p - q)i 



r 



q 2 — S 2 (— q 2 



-r 



(28a) 
(28b) 



(p - q) 2 

In which we have labeled the integration kernel with running coupling constant aTc( — P 2 ) = 
g\ c (-p 2 ) / (An) = p| c /(47r[l + II(-p 2 )]). Eq.( l28bl) is automatically satisfied when taken 
the approximation, a TC [{pE ~ qE) 2 } = oi TC (p E )6(p E - q%) + a TC {q 2 E )0(q 2 E -p|). The other 
equation (I28ap can be written in Euclidean space as 

d 4 q E «tc [{Pe ~ qE?} S ( g|) 



Z(p E ) = 3C 2 (N) 



(29) 



4tt 3 (pE-qE) 2 g| + S 2 (?|)' 
If there is nonzero solution for above equation, we will obtain nonzero techniquark condensate 

(ipcipj) with k and j techniflavor indices, 



-ti lc [S ]k (x,x)} = —AN 8^ 



d A p E 



S(p|) 



(2tt)>| + S 2 (p| 



(30) 
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where trj c is the trace with respect to Lorentz, technicolor indices, and where we have used 
that the techniquark self energy, the solution of the SDE, must be diagonal in techniflavor 
space. Thus, nonzero techniquark self energy can give a nontrivial diagonal condensate 
(V>V) 7^ 0) which spontaneously breaks SU(2) L x t/(l)y to U(l) em . 

£ B^ >fl ^ and W£„ ^ Case: the Lowest-order Approximation 

In the following we consider the effects of the nonzero electroweak gauge fields and 
W£ M . The SDE (ESD is explicitly 



S(x,y) = C 2 (N)g^ c G^(x,y) 



(i$ x ~ 92^\{x)P L - g 1 ^$ li (x)P R S )6(x -y)- E(x,y) 



7* , (31) 



where the techniflavor and Lorentz spinor indices of the techniquark self energy are implicitly 
contained. In this case, the self energy can no longer be written as the function on the 
derivatives with respect to spacetime, i.e., Tl(x,y) ^ Tl(d x y )S(x — y). 

Suppose the function E(— p 2 ) is a solution of the SDE in the case B^ = W£ = 0, that 
is, it satisfies the equation 

s< V) = c mAc f |^^( 52)r __L__ r , (32 ) 

where in the second equality the legality of the integration measure translation comes from 
the logarithmical divergence of the fermion self energy. Replacing the variable p by p + A 
in Eq. (!32|) and subsequently integrating over p with the weight e~ ip ^ x ~ y \ we obtain, as long 
as A is commutative with d x and Dirac matrices, Eq. (l32i) imply 

E[(d x - zA) 2 ]5(x -y)= C 2 {N)g 2 TC G, v {x, y ) 7 M^_^__L____ 5(x _ y)Y . (33) 

Even if A is noncommutative with d x and Dirac matrices, the above equation holds as the 
lowest order approximation, for the commutator [$, A] is higher order of momentum than 
A itself. Now if we take A to be -g 2 \W^P L - g^B^Pn, ignoring its noncommutative 
property with d x and Dirac matrices, Eq. fl33l is just the SDE fl3Tl) in the case B^ jfl ^ and 
^ 0. Thus, E[(d^+ig 2 : Y Wj? P L +ig 1 I ^B ii41 P R ) 2 }5(x-y), which is the hidden symmetry 
U(l) covariant, can be regarded as the lowest-order solution of Eq. (l3~T]) . To further simplify 
the calculations and still keep this hidden-symmetry covariance of the self energy, we can 



14 



reduce the covariant derivative inside the self energy V M = <9 M + ig^Wj? Pl + Wi^B^^Pr 
to its minimal- coupling form 

_3 

2 Wi 2 " i =' /xv ~' ' ^ 2~ 



V, = 9, + I^I-^x) + <7i^B^(*)] . (34) 



In which as we mentioned before ^^W^Jx) + 9i\B^^{x)]/2 transforms as a gauge field 
under hidden U{1) symmetry transformations. Thus, if the function S(9^)5(x — y) is the 
self-energy solution of the SDE in the case £>g iAt = = 0, we can replace its argument 
d x by the minimal-coupling covariant derivative V^, i.e., S(V^.)5(x — y), as an approximate 
solution of the SDE in the case B^^ ^ and W?„ ^ 0. 

2. Effective Action 

The exponential terms on the right-hand side of Eq. (1161) can be written explicitly as 
E / *x x . . . d 4 x ^ i9 ™ T G«l:2(x u . . . ,s B ) Jgjsx) ■ ■ ■ JjX(x n ) 

n=2 

/ 'd 4 xdV^(x)n (T/ ,(x,x / )^|(^) , (35) 



where we have taken the approximation of replacing the summation over 2n-fermion inter- 
actions with parts of them by their vacuum expectation values, that is, 

oo 

n ap (x,x') = E n S(^^) , (36) 

n=2 

nj(v') = nx J d 4 x 2 . . . d 4 x n -i (~ t9 ™^ G%^Z(x, x 2 ..., x n - h x')(it a ^%^ (x) 
xMx 2 )t a2 ^^(x 2 ) . . .^(x n _ 1 )^ i y i »- 1 ^(x„-i)^(z')(t an y ift )^p ) (37) 

where the factor n comes from n different choices of unaveraged yj^ip^, and the lowest term 
of which is 



rig (*,*') = -g&G%%(x,x') 

Comparing Eq. (l38l) with Eq. (1241) . we have 



t a ^S(x,y)t a2 ^ 



/'2 



(38) 

op 



ill%(x,x') = V ap {x,x') « K p (vl)8(x - y) . (39) 
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By neglecting the factor ^[0^5(0^ — O^) in i?g. (ll6p . we have 



d 4 x^ (i$ - gi-^Vf/\P L - ) ^ 



Det[i# - ffsy^Pi - gi^^PR ~ S(V 2 )] 



(40) 



where in the second equality we have taken further approximation of keeping only the lowest 
order, i.e. Ii a p{x,x'), ofU. ap (x,x). With these three approximations, we have 

-3 

2 '' ^ 2 

As done in [12j, we can parameterize the normal part of the effective action as follows 



S noim [U, W;, B„] = -zTr \og[i$ - g2—Vfl\P L - 9i^Pr ~ S( V)] , (41) 



S m [U, W%, B„] = -zTr log^ + f + ^75 - E(V 



<i a; try 



(F 1D ) V - /C* D ( V) 2 - /C* D (^ - d u a^ 2 + /C 



ID/ 2\2 , trlD 



0( P e 



(42) 



where the fields v^, a M are identified with t> M 



<V = 



IO&tWL + ^T 5 €,m) and 
K^y^m - ^ 1 ^- 8 ^) and = •Vi,,-^, M> ^ - ^-ii^, d v —iv v ]. JC} D coefficients 
with superscript ID to denote present one doublet model are functions of techniquark self 
energy S(p 2 ) and detail expressions are already written down in (36) of Ref. 12| with the 
replacement of N c —* N. 

For anomaly part, compare (j!5cp and ()4ip . we find its U field dependent part can be 
produced from normal part by vanishing techniquark self energy S, i.e. 

3 

2 "' ~ " ai 2~ 



^ anom [£7, W;, B,] = Tr log(^ - g2 T -\fr a P L - 9i^$Pr) ~ iS noTm [U, W«, B M ]| E=0 (43) 



Notice that U field independent part of pure gauge field part is irrelevant to EWCL. Combine 
with ( 1421) . above relation imply 

.3 



iS m [U,W;,B^] = Ti\og(i$-g 2 r -W a P L -g 1 -$P R )+i / d 4 xtr 



T 



lD,(anom) ^ „/i\2 



(d^ 



!^lD,(anom) / r j \2 < v" 

-/C 2 (cLa,, - d„oJ + /C 



lD,(anom)/ 2\2 



a 



^lD,(anom) / 

/C 4 (O/iOy) 



lD,(anom) 
13 



lD,(anom) 
14 



(9(p 6 



(44) 
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with 



^-■lD,(anom) 



S=0 



i = 1,2,3,4,13,14 



(45) 



where we have used result that -F 1D |s = o = 0. Combine normal and anomaly part contribution 
together, with help of (j!5ap . we finally find 



S eS [U,W«,B, 



r a r 3 

g2—W a Ph - gi—jpi 



(F ) a - /Ci (c^cr) -JC 2 (dna u - d u a^) + /C 3 ^ ( 



+ 0(p 6 



with /C* D ' E ^° be S dependent part of /C, 



^id,s^o _ ^id _ ^-id 



% = 1,2,3,4,13,14 



(47) 



After some algebras, terms in Eq. 
just standard EWCL given in Ref. 



6h can be reexpressed in terms of and W ^ which are 
2| with coefficients 



0i = O 



^1D,S^0 _ ^-1D,E^0 



oli = «3 



/V 13 /V 14 



° 1 
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«5 



2 ' 4 16 

r lD,S^0 _ r lD,S^0 _ 4r lD,S^0 , 9r E^0 
_ ^3 ^4 _^13 X 14 (aq\ 

32 ' 



With formulae of /Q coefficients given in Ref. 121 ]. we can substitute the solution of SD 
equation (129]) into them and then obtain numerical results for those nonzero a, coefficients. 
In TABLE I, we list down the numerical calculation results for different kind of dynamics. 

To obtain above numerical result, we have solved Schwinger-Dyson equation (j2"9"|) with 
following running coupling which was used as model A in Ref. [l2 ] 



a TC (p 2 



7 



12tt 



(11JV-2JV/) ' 

{7-f[2 + lmy/A| c )] 2 } 

1 127T 



12tt 



(UN-2N f ) ' 



for \n(p 2 /A 2 TC ) < -2; 
for - 2 < ln(p 2 /A| c ) < 0.5; 
for 0.5 < ln(p 2 /A 



(49) 



TO 



{ ln(p 2 /A 2 c ) (llN-2N f Y 

In which the fermion number is taken to be Nf = 2 corresponding to present one doublet 
techniquark. Although there is a dimensional parameter Atc appear in aTc{p 2 ), except 



dimensional coefficient Fq D , all dimensionless result coefficients ccj, % 



1, 2, 3, 4, 5 are 



independent of this parameter. This can be seen as follows, if we scale up A TC as AA T c, 
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TABLE I. The obtained nonzero values of the 0(p 4 ) coefficients a\,a 2 = 03, 04, 05 for one 
doublet technicolor model with the conventional strong interaction QCD theory values given in 
Ref.[3] for model A and experimental values for comparison. Atc an d Aqcd are in TeV, they 

are determined by / = 250GeV and f n = 93MeV respectively. The coefficients are in units of 



10 3 . QCD values are taken by using relation dH). 



N 


A TC 


Oil 


a 2 = a 3 


Q 1 


«5 


3 


1.34 


-6.90 


-2.43 


2.02 


-2.69 


4 


1.15 


-9.26 


-3.28 


2.87 


-3.69 


5 


1.03 


-11.6 


-4.11 


3.60 


-4.62 


6 


0.94 


-13.9 


-4.93 


4.32 


-5.54 


QCD Theor 


Aqcd=0.484*10~ 3 


-7.06 


-2.54 


2.20 


-2.81 


QCD Expt 




-6.0 ±0.7 


-2.7 ±0.4 


1.7 ±0.7 


-1.3 ±1.5 



«tc(p) defined above satisfy «tcG° 2 )|aa T c = a Tc(A 2 P 2 )|a T c which, by ( l29l . result a scaling- 
up techniquark self energy E(p 2 )|aa tc = A£(A~ 2 p 2 )|a tc , since an alternative expression of 
(GHD is 

AS(A Pe ) - 3C 2 (N) J — {pE _ qE)2 ql + x2mx _ 2ql) • (50) 

Further from (36) of Ref. 12], we find coefficients K,f^°, i = 1, 2, 3, 4, 13, 14 are invariant and 
Fq is changed to XFq under exchanging £(p 2 ) — > A£(A _2 p 2 ) if we take cutoff in the formulae 
A — > 00. Due to this invariance for K-f , i = 1,2,3,4, 13, 14, from (15T|) . we can see then 
ai, i = 1,2,3,4,5 are independent of Atc an d Fq° scales same as Atc- It is this scale 
dependence for Fq which makes ordinary QCD contribution small to electroweak symmetry 
breaking and leads necessity for new interactions at higher energy scale. The scale relations 
above are result of present rough approximations, it will simplify our future computations 
very much in next section. 

From TABLE I, we see that within error of our approximation, the numerical result 
exhibit the scaling-up behavior among different N. 
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C. Comparison and Discussion on Two Prescriptions 



Compare results from Gasser-Leutwyler's prescription and dynamical computation pre- 
scription, (jUJ) and PS]) , we find results are same as long as we identify 

WD.E^O , r lD,S^0 r lD,S^0 r lD,E^0 

rrlD ^2 ' 13 rlD ^2 ^13 

i 4 10 2 

^1D,E^0 jl^-ID.E^O ^lD.E^O , 9jr lD,E^0 _ ^1D,E^0 

rlD _ ^13 ^14 rlD _ ^4 + -^13 ^14 /ri\ 

9 o o 2 ~i a \ / 



rlD i^-lD^O j^-ID^O .^-lD.E^O . o]r lD,E^0 
rlD , -^3 _ ^3 —^4 — 4/V 13 + Z/V 14 

-^1 + 
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which is just the result (25) obtained in Ref.[l2|. This shows that two prescriptions are 
equivalent in results. The merit of Gasser-Leutwyler's prescription is its simplicity and 
express result coefficients of electroweak chiral lagrangian in terms those in Gasser-Leutwyler 
chiral lagrangian for pseudo scalar mesons in strong interaction, but we can only apply this 
prescription to so called QCD-like theories for which the technicolor interaction must be 
vector-like. On the other hand, dynamical computation prescription, although much more 
complex but touch the dynamics details, do not limit us in the type of detail interactions, 
this has very strong potential to be applied to more complicated theories, such as chiral- 
like technicolor models. Since we involve detail dynamical computation in this prescription, 
not like Gasser-Leutwyler's prescription the coefficients are expressed in terms of strong 
interaction experiment fixed values, we can give detail theoretical computation result for all 
coefficients and it further allow us to test possible effects on the coefficients from variation 
of the dynamics. 

The first property qualitatively drew out from (141j) and 1 1 15 eft for their trace operation 
is that all coefficients are proportional to N. This is the well known scaling-up result for 
one doublet technicolor model, i.e., present coefficients can be got by (Q but identify the 
Li with the corresponding Gasser-Leutwyler chiral lagrangian for pseudo scalar mesons by 
an scaling-up factor N/N c with N c = 3 be number of color for strong interaction. In fact, 
it was this direct correspondence lead to the death of one doublet technicolor model, since 
negative experiment value for L\® result large positive S = — 167rai = —16ttL\® parameter 
which contradict with present electroweak precision measurement data. 

The second property quantitatively drew out from (I4ip and (I15c[) is that except the over- 
all TV factor in front of all coefficients, remaining part of coefficients depends on dynamics, 
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so exactly speaking, they are not precisely equivalent to their strong interaction partners. 
For one doublet technicolor model, when iV 7^ iV c , not only we will have overall scaling-up 
factor N/N c , but also we will have different techniquark self energy E due to the difference 
in running coupling constant (j49p appeared in SDE (I29p . Nf = 2 also cause similar differ- 
ences. But, since the estimations over the values in original strong interaction suffers large 
errors either in experiment or theories, this difference caused by dynamics hides in these 
uncertainties. 



III. DERIVATION OF THE ELECTROWEAK CHIRAL LAGRANGIAN FROM 
A TOPCOLOR-ASSISTED TECHNICOLOR MODEL 

There are several options in topcolor-assisted technicolor model building: (1) TC breaks 
both the EW interactions and the TopC interactions; (2) TC breaks EW, and something 
else breaks TopC; (3) TC breaks only TopC and something else drives EWSB (e.g., a fourth 
generation condensate driven by TopC). For definiteness, we will focus on a skeletal model 
in category (f) in the following. 



Consider a schematic TC2 model proposed by C. T. Hill [2l|. The technicolor group is 
chosen to be Gtc = SU (3)tci x SU (3)tc2- The gauge charge assignments of techniquarks 
in G TC x S77(3)i x SU{3) 2 x SU(2) L x U(l) Yl x U{l)y 2 are shown as Table II. 

TABLE II. Gauge charge assignments of techniquarks a schematic Topcolor-assisted Technicolor 
model. Ordinary quarks and additional fields (such as leptons) required for anomaly cancellation 
are not shown. The techniquark condensate (QQ) breaks 
SC/(3)i x SU(3) 2 x U{l) Yl x U(1)y 2 -> SU(3) x U(1) Y , while (TT) breaks 

SU(2) L x U(1) Y -> U(1) EM . 

field S*7(3) TC i SU(3) TC2 Stf(3)i SU(3) 2 SU(2) L U(l) Yl U(l) Ya 

Q L 3 1 3 1 1 i 

Q R 3 1 1 3 1 \ 



T L = (T, B) L 1 3 1 1 2 

T R = (T, B) R 1 3 1 1 f 



'2 _ 1> 
^3' 3' 
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(52) 



r _ pa p«F _ ^ pa _ ^ aA a A/iu _ ^ aA a A\iv _ 1 rim TT/a/w 

''-gauge — ^ r lij,u r l ^ r 2[iu r 2 ^lfiu^l ~^ x 1^v n 2 ^ vv [iu vv 

R R^ R DP 



(53) 




Acchniquark = <3 («# - 931^0" ~ h x —J^P L - h 2 — ^ 2 P R ~ q^ft^L - ? 2 ~#2-Pii)Q 



where g 3 i, g 32 , /ii, ft-2, #2, 9i and ? 2 are the coupling constants of, respectively, S77(3)tci ; 
S77(3)tc2, S'C/ (3)i, S77(3)2, SU(2)l, U(1)y 1 and £7(l)y 2 ; and the corresponding gauge fields 
(field strength tensors) are denoted by G^, G^, A^, A^, W£, B lfl and B 2fl (F^ u , F 2 %, 
^\iwi ^-2avi -Sip and B 2l iu) with the superscripts a and A running from 1 to 8 and 

a from 1 to 3; r" and (a = 1,...,8) are the generators of, respectively, iS77(3)tci 
and ST/(3)tc2, while A A (A = 1, . . . , 8) and r a (a = 1,2,3) are, respectively, Gell-Mann 
and Pauli matrices. We do not consider the ordinary quarks in this work for following 
considerations, as we mentioned in the Introduction that this paper only discuss bosonic 
part of EWCL and matter part of EWCL will discussed in future. The matter part of 
EWCL mainly deals with effective interactions among ordinary fermions which certainly 
include ordinary quarks. Ignoring discussion of these effective interactions, only concentrate 
on their contribution to bosonic part EWCL coefficients is not self-consistent and efficient. 
Further one special feature of top color-assisted technicolor model is its arrangements on the 
interactions among ordinary quarks, especially for top and bottom quark mass splitting and 
the top pions resulted from top quark condensation through topcolor interactions, therefore 
dealing with quark interactions is a separated important issue which needs special care, 
previous formal derivations from underlying gauge theory to low energy chiral Lagrangian, 
no matter QCD and electroweak theory, all not involve in matter part of chiral Lagrangian 
and further initial computation shows that we need some special techniques to handle top- 
bottom splitting which are beyond those techniques developed in this paper, to simplify the 
computations and reduce the lengthy formulae, we will not involve in discussion of ordinary 
quark in this paper and would rather specially focus our attentions on this issue in future 
works. 



+f[0 - g 32 r«0 2 - g 2 -M?P L - q 2 -$ 2 P L - <? 2 (- + j)$ 2 Pr]T , (54) 
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The strategy to derive the electroweak chiral Lagrangian from the schematic topcolor- 
assisted technicolor model can be formulated as 

exp(iS EW [W^B^j = jvQVQVT VTDG^VG^VB^VZ'^ 

x exp (iS SBS [G^, G^, A^, W«, B lfM B 2fM Q, Q, T, T] 

= N[w;, b„\ J v»(u) exp (iS eS [u, w;, b^j , (55) 

where U(x) is a dimensionless unitary unimodular matrix field in the electroweak chiral 
Lagrangian, and Vfi(U) denotes normalized functional integration measure on U. The 
normalization factor A/"[W" B^] is determined through requirement that when the gauge 
coupling g 32 is switched off S e g[U, W®, B^] vanishes, this leads the electroweak gauge fields 
W", Bp dependent part of J\f\W£, -Bj is 

JV[W°,fl M ] = J VQVQVTVTVG^VB^VZ'p (56) 

x exp (iS 8Ba [G^, 0, Afp, A^, W«, B^, B 2 „ Q, Q, T, T] 

Since there different interactions in present model, in following several subsections, we discuss 
them and their contributions to EWCL separately. 

A. Topcolor Symmetry Breaking: the Contribution of SU (3)tci 

It can be shown below, by Schwinger-Dyson analysis, that the S77(3)tci interaction 
induces the techniquark condensate (QQ) ^ 0, which will trigger the topcolor symmetry 
breaking SU(3) 1 x SU(3) 2 x U(l) Yl x U(1) Y2 -> SU(3) C x U(1) Y at the scale A = 1 TeV. 
This typically leaves a degenerate, massive color octet of "colorons", B^, and a singlet heavy 
Z'^ in the coset space [SU(3) 1 x SU(3) 2 x U(l) Yl x U(1) Y2 ]/[SU(3) C x U(1) Y }. The gluon A^ 
and coloron (the SM U{1) Y field _B M and the U(l)' field Z' ) are defined by orthogonal 
rotations with mixing angle 9 (8'): 

„ cos 6> — sin 9 , 

< K = K ^ . | , (57a) 

sin cos 9 



, cos — sin 

^ s 2M = 5, | , (57b) 

sine/ cos 9 
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which lead to 



-hi- 



A 



A 



- qx \$ x P L - q2 l -$ 2 P R 



with 



A 

-g 3 — 4 - ^3 (cot 9P L - taneP R ) — 
-g x l -$ - gi (cote'P L - tane'Pn)^' , 



g 3 = hi sin 9 = h 2 cos 9 , 
gi = qi sin 9' = q 2 cos 9' . 



(58a) 
(58b) 

(59a) 
(59b) 



As a first step , we formally integrate out the S77(3)tci technigluons G° in Eq. fl55l) by 
introducing full n-point Green's function of the Cr" -field 



exp 



J d*x(-±W^W a n J VfVTVG^VB^VZ'^exp 



1111 

--Aiiiu^i^ - -7 A 2 fJ ,u A 2 tlU ~ -{BiimvB^ - -B 2ilv B^) + iS TC i[A^, A 2 B lfl , B 2fl 



d 4 x T[i$ - g 32 r%0 2 - s^TPl - q-i\$ 2 P L ~ <n{\ + \)$iPr]T 



(60) 



where 



exp UStci^, A^, B lfi , B 2 ^j 

= JvQVQexp i j ' d i xQ{i$-h l ^A^P L -h 2 ^^P R -q l l -$ l P L ~q 2 l -$ 2 P R )Q 
+ J2 [ d i x 1 ...d L x n tl^G^(x ll ... 1 x n )J^(x 1 )...J^(^ 



n=2 



(61) 



Ji a (x) = Q(x)rf n f fl Q(x) is effective source. 

Since the total functional derivative of the integrand in Eq. lIBTj) with respect to Q a (x) 
is zero, (here and henceforth the suffixes a and p are short notations for Lorentz spinor, 
techniflavor and technicolor indices,) i.e., 







VQVQ 



8Q°{x) 



exp 



-q v 



J d 4 x(QI + IQ)+iJ d^xQ{%$ - hx^-4fPL ~ h 2 ^-A 2 P l 

mi) 



* r 

-$ X P L - q2-$ 2 PR)Q + J2 d ^ Xl ■ ■ ■ 

n=2 J 

X (x\) . . . d\a n fen) 



IV. 



/^ai...a„ 



fei, 



(62) 
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where I(x) and I(x) are the external sources for, respectively, Q(x) and Q(x), then continue 
the similar procedure from ffl8|) to (I2ip . by neglecting higher-point Green's functions and 
taking factorization approximation, we obtain 



= (^(sc - y) + i 



$ x - h 1 ^4f(x)P L ~ h 2 ^4t(x)P R ~ qi\$i{x)P L 
(Q T (x)Q?(y))-gl [ d i x 2 G a ^(x,x 2 ) 



-q 2 -$ 2 {x)P R 
x(rrr%r(rri IM %s(Q p (y)Q 5 (x 2 ))(Q^x 2 )Q^x)) 



(63) 



where (0(x)) 
section by 



[0(x)fj J (( 1 ))/| / _j_ and we have defined the notation ({•••))/ in this 



{{0{x))) I = / VQVQO(x) exp 



\A 

d 4 x(QI + IQ)+i I d 4 xQ(i$ - h x —A^P L 



-h 2 —A 2 P R - qx-$ x P L - ^$ 2 Pr)Q + J2 d ^ • • • ^ 

n=2 



-igsiT 



in 



(64) 



Denote the technifermion propagator S crp (x,x') = (Q a (x)Q p (x r )) , Eq. (1631) can be written as 
SDE for techniquark propagator, 



= S£(x,y) + i 



t x - h 1 ^4t(x)P L - h 2 ^-4t(x)P R - qi^$!(x)P L - q 2 ^$ 2 {x)P R 



x5(x -y)- g 2 31 G%%(x, y) r^S{x, y)r?r 2 
By defining techniquark self energy E as 
iY, ap (x,y) = S~p(x,y) + % 



ap 

(65) 



X A j A, x „ . \ A <A, _ 



i$ x - h 1 —4t(x)P L - h 2 —£Z(x)P R - q 1 -$ 1 (x)P L 



-q 2 -$ 2 {x)P R 



the SDE fl65l) can be written as 



S(x - y) 



(66) 



ap 



tX ap (x,y)=gl 1 G^(x,y) 



(67) 



ap 



Moreover, from the fact that technigluon propagator is diagonal in the adjoint representation 
space of S77(3)tci> *.e., ^^(x,y) = 5 a/3 G pv (x,y), and techniquark propagator (QQ) is 
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diagonal in the fundamental representation space of S77(3)tci, an d also (rfrf) a t, = C2(3)5 a b, 
Eq. (JBTj) is diagonal in indices a, b and diagonal part becomes 

iE%(x,y) = C 3 (3)g&Gn lta (x,y)[f l S(x,y)>f*]% , (68) 

where {i, j}, and {77, (} are, respectively, techniflavor, and Lorentz spinor indices; and the 
Casimir operator C 2 (3) = (3 2 - l)/(2 x 3) = 4/3. 



The Gap Equation 



We first consider the case of Af = A 2 = B lfl = B 2il = 0. The 5[/(3)tci technigluon 
propagator in Landau gauge is 



-ip(x-y) _ 



9fiV 



(69) 



(2?r) 4 -p 2 [l + n(-p 2 )] V"' p* 

In the case of Af = A% = £? lA1 = B 2fl = 0, the SU(3)tci techniquark self energy and 
propagator are respectively 



d A p 



iv(*-y) ^U-p 2 ) S^Jx,y) 



(70) 



with S l ^(p) = i{l/{]f> — X(— p 2 )]}^. Substituting above equations into the SDE (I6B1 . we 
have 



-C 2 (%fi 



9/iu 



(p - q)»(p - o)i 

(p-q) 2 



r 



:7 



(27r) 4 (p-g)2[l + n(-(p-g)2 

As discussions of dynamical computation prescription for one-doublet technicolor model, 
above equation will lead S^(— p 2 ) = S^S^TlTcij^) an d in Euclidean space EtcG !;) satisfy 

d A q E «3i [(pe ~ qE) 2 } S TC i (q% 



(71) 



Stci(Ps) = 3C 2 (3) 



4vr 3 (p E -q E ) 2 q 2 E + Z 2 TC1 (q 2 E ) 
The corresponding techniquark condensate (Q k Q- j ) with /c and j techniflavor indices, 

d A p E £tc(p!) 



(72) 



(g fc (x)Q^(x)) 



-12^ 



(73) 



(2 7 r) 4 p| + S 2 rc (p|) ' 

where tr/ c is the trace with respect to Lorentz, technicolor indices. Nonzero techniquark self 
energy can give a nontrivial diagonal condensate (QQ) 7^ 0, which spontaneously breaks 
SU(3)i x SU(3) 2 x U(l) Yl x U(l)y 2 -> S77(3) c x 
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In the following we consider the effects of the nonzero electroweak gauge fields Af , A 2 , 
Bin an d B 2 n- The SDE (1681) is explicitly 



Z(x,y) = C 2 (3)g 2 3l G, u (x,y)Y' 



(i$ x - hi^4f(x)P L - h 2 ^4t(x)P R - qi^$i(x)P L 



-q 2 ^$ 2 (x)PR]s(x -y)- E(x,y) 



-i 



l v , (74) 



where the techniflavor and Lorentz spinor indices of the techniquark self energy are implicitly 
contained. 

Suppose the function S TC1 (— p 2 ) is a solution of the SDE in the case A A = A A = B lfl = 
B 2fl = 0, that is, it satisfies the equation 

WV) = <W)& J ^G^ JTJ ^ n — f] Y , (75) 

Replacing the variable p by p + A in Eq. (1751) and subsequently integrating over p with the 
weight e~ ip ( x ~ y \ we obtain, as long as A is commutative with d x and Dirac matrices, 

E TC1 [(d x -tA) 2 ]5(x-y) 

= C 2 (3)g 2 u G^x, y )r —7 - -. ... M .s 2 A x - y)Y ■ (76) 

i0 x + A - EtciI-(i0x + A ) J 

Even if A is noncommutative with and Dirac matrices, the above equation holds as 
the lowest order approximation, for the commutator [$, A] is higher order of momentum 
than A itself. Now if we take A to be -h x ^A A P L - h 2 ^-A A P R - q x \B x P L - q 2 \B 2 P R , 
ignoring its noncommutative property with d x and Dirac matrices, Eq.( 176l) is just the SDE 
(J71D in the case A^ + 0, A 2%1 ± 0, B lfl + 0, and B 2il + 0. Thus, X TC1 [(«9* + ih x ^A^P L + 
ih 2 ^-A^P R + iq l \B 1 nP L + iq2\B 2 nP R ) 2 ]5{x-y), which is SU(3) 1 x SU(3) 2 x U(l) Yl x U(l)y 2 
covariant, can be regarded as the lowest-order solution of Eq. (174|) . From Eqs. ()58a"| I58bl) . we 
can write the covariant derivative of SU(3)i x SU(3) 2 x U(1)y 1 x U(1)y 2 as 

V M = 0^ + z^^A^Pi + ih 2 ^-A^P R + iq^B lfM P L + zg 2 ^ 2M P fl (77) 
X A 1 A A 1 

where and B^ are the gauge fields of the unbroken symmetry group SU{3) C x U{l)y. 
To further simplify the calculations, we can just keep this SU(3) C x U(l)y covariance of the 
self energy, that is, we can replace V M by the covariant derivative of SU(3) C x U(l)y, 

\ A 1 

V^dn + igs—Ai + igi-Bn (78) 



2 - n . - a ± 2 
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inside the techniquark self energy. Thus, if the function S(9^)5(x — y) is the self-energy 
solution of the SDE in the case Af = A 2 = = B 2fl = 0, we can replace its argument 
d x by the SU(3) C x U(l)y covariant derivative V x , i.e., S(V^)5(x — y), as an approximate 
solution the SDE in the case Af^ ^ 0, A^ ^ 0, B Xil ^ 0, and B 2il ^ 0. 

Now we are ready to integrate out the techniquarks Q and Q. The exponential terms on 
the right-hand side of Eq. flBTj) can be written explicitly as 



n=2 



£ I d l x 1 ...*xj^ 9 * 1 ' 



nl 



"^l.'.'.'^C 2 '!) • • • ) X n)Jl^ ai (Xl) ■ ■ ■ J\^aS Xn ) 



d*xd 4 x'Q a (x)n ap (x, x')Q p (x') 



(79) 



where in the last equality we have taken the approximation of replacing the summation over 
2n-fermion interactions with parts of them by their vacuum expectation values, that is, 

oo 

U ap (x,x') = ^IT>)(x,x'), (80) 

n=2 

n^(x,x') = nx J d 4 x 2 . . . d A x n ^ ( ~^ l)W G°\:%(s, x 2 . . . , x ra _ x , xO^K^WQ^) 
xQ(x 2 )r^Q(x 2 ) . . .g^-il^^f-^K-ilQ^M^fjw) , (81) 



where the factor n comes from n different choices of unaveraged QQ, and the lowest term 
of which is 

' "*031 ) 2 



ng)(x,x') = 2- 



-g«\;i *0 ( « V 1 u Q CTl (*) <T 2 (*') « 2 7 W )p 2 



rfV^O^KV 2 



(82) 



Comparing Eq.( l82l) with Eq.f l67l) . we have 



ill^(x,x') = S CT „(x,x') « SUV*)^ - y) 



OP 



(83) 



Substituting Eq. (179"]) into Eq. (l6TI) . we obtain 



exp (iS TC i [A%, A 2fl , B lfl , B 2m ] J 



Det 



<? 3 ^V - gs(cot 6P L - tan9P R )^$ A - 9l h 



-S T ci(V 2 ) 



-^(cot^-tanfl'Pfl)^' 

(84) 
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where we have taken further approximation of keeping only the lowest order, i.e. Tl^^x^x'), 
of U ap (x, x'). With all these approximations, we have 



iS TC i[A A ,B A B„Z'] = Trlog 



- gi (cote'P L - tanfl'P*)^' - S TC1 (V 2 ) 



(85) 



Since we know QCD-induced condensate is too weak to give sufficiently large masses of W 
and Z bosons and thus it is negligible when we consider the main cause responsible for the 
electroweak symmetry breaking which imply that ordinary QCD gluon fields has very little 
effects on our technicolor and electroweak interactions, therefore for simplicity, we ignore 
them by just vanishing gluon field A A = 0. In next two subsubsections, we perform low 
energy expansion and explicitly expand above action up to order of p 4 . 

2. Low Energy Expansion for z5tci[0, B a , B^ t , Z'] 
We have 

^tci[0,^,^,^J = Trlog[^ + ^ + ^75-S T ci(V 2 )] 

= i J ci 4 *(F TC1 ) 2 tr[a 2 (x)] + B„ Z% + 0(p 6 ) , (86) 

where the parameter Fq C1 is depend on the techniquark self energy Etci- The fields and 
are identified with 

v ljt , = (cot 9 - tanfl)^; 4 - 9i \b„ - ^(cot 9' - tanfl')^ (87a) 



2 v 2 2 

^(cot# + tan#) — B A - 9 — 
2 v 2 4 



a lj(t = -^(cotfl + tan#) — B$ - — (cot0' + tan0')^ . (87b) 



Substituting Eqs. (l87j) into Eq.( l86l) . we obtain, at the order of p , 

S^B^B^Z'J 
{F TCty 



d A x[2gl{cot 9 + tan 6) 2 B A B A ^ + 3^ 2 (cot 9' + tantf') 2 ^' 21 



1(3 

Now we come to consider the p A order effective action. It can be divided into two parts 

41 [0, B A , B„ Z;] = S*g [0, B A , B„ Z'J + 4 4 cl [0, B A , B„ Z'J (89) 
tS^\ [0, B A , £„, Z^\ = Trlog[z$ + f l + ^75] (90) 
iS^ [0, B A , B„ Z'J = Tr log[z$ + f x + ^75 - S TC i (V 2 )] - Tr \og[i$ + f x + fay 5 ] 
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4ci[0' Bp, Bp, Z'] is divergent part of action, which can calculated by following standard 
formula 



*Tr log[i$ + /P, + fP R ] = f d A x tr[r^r> + m^] 



K 



du,r v - d u Tp - i{rpT v - r v Tp) 



"flV 



9 f^lii di/l/j, i\lfj}>v Iflfi) 



c 2 
A2 



48^ (1 ° g - + 7) 



(91) 



(92) 



with JC a divergent constant depend on the ratio between ultraviolet cutoff A and infrared 
cutoff k of the theory. Identify 



.A 



9i 



vi,fj, + a 1>tl = -g 3 cot 0—B^ - gi-B^ - — cot 9 Z^ 



In = - ai,Li = 93^n6'—Bp - gi^Bp + y tan^'Zj, 



(93) 
(94) 



With these preparations, 

S ( AB*,B„Z' C J = -\K I d'x ^{o^eB^B^ + X^BB^B^ + ^B^B 



[IV 



+ M( cot 2 Q> + tan 2 9')Z'^Z'^ + M( co t 9' - tzn9')Bp U Z' 
4 2 



flV 



with 



Bfu, = d il B v — d v Bp 



4cilP> B^, Bp, Z' \ is convergent part of action, which can calculated by following standard 
formula 



Bip V = dpBt - d v B A + g,i^9f ABC Bp c v 
Z^ = dpZl - 8^ (95) 



4g[0, B A , Bp, Z'Jl = J d 4 x tr[-^ cl '^°(dX) 2 " " d ^f + < 



TCl.E^O/ 2\2 



i^TCl.E^O/ \2 
-A^ 4 ^1,^1,1/ J 



V-TCl.E^Oi 
M3 



V^^T + ^u'^V^aK] , (96) 



with Vi )AU , = 9^1,,, - 9^i !At - i{vi,pV hv - v hv v h p) and d^ai,,, = c^a^ - i(v h pa^ u - a 1>v v lt/i ). 
4cilP> B A Bp, Z'\ can be further divided into four parts 

[0, Bp, Bp, Z'J = 4cf A) \B A ] + 4cf ) [5] + 4cf \Z'\ 



+4cf^' ) Z'] + 4cT"' ; [5, Z'] (97) 
The detail form of S^f A) [B A }, S^f[B], S&f \z>], S^ Az ' ] [B A , Z'\ and S^ Z '\b, Z'\ 



y(4c,BZ') [ 



are given in (lBlj) - (lB5j) respectively. Since TCI interaction is SU(3) gauge interaction which 
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is same as QCD interaction and the quark number Nf are all equal to three \ as we discussed 
before, due to scale invariance we have JCj Gl ^°, % = 2, 3, 4, 13, 14 are equal to those of 
QCD values within our approximations 



Use relation given in Ref. [l 

H 1 - 



2,3,4,13,14 



(98) 



1 



'13 



(99) 



la = hlCT + 2K%° - K%°) L 3 = 1(X^° - 2***° - 6X§* + 3/Cg*) (100) 
62 lb 



In Table III, we list down original QCD calculation result given in Ref. 12|, the value for Hi 
in the original paper is a divergent constant therefore not given its value, now the divergent 
part is already extracted out by S^jJO, B^, B^, Z'], Hi here is a convergent quantity which 
can be obtained in original formula for Hi by subtracting out its divergent part caused by 
terms with E = 0. 

TABLE III. The obtained nonzero values of the 0(p 4 ) coefficients Hi, Liq, Lq, L2, L\, L3 for 

topcolor-assisted technicolor model. 
The F TC1 and A TC i are in units of TeV and coefficients are in units of 10 . 



We finally obtain 



£TC1,E^0 



'10 



^o TC1 Atci 


Hi Liq Lq L2 Li L3 


1 5.21 


43.0 -7.04 5.06 2.19 1.10 -7.81 


2Hi 


^tci.e^o = g4Li + lgL3 



'10 



AHi 



-L w — 2Hi 



^TCl.E^O 
^13 



AHi 

/c 14 



-ALiq — 8L9 — 



'101) 



B. Electroweak Symmetry Breaking: the Contribution of SU (3)tc2 

Likewise, it is easily check that the ,S77(3)tc2 interaction does induce the techniquark 
condensate (TT) 7^ 0, which triggers the electroweak symmetry breaking SU(2) l x U(1)y — > 



This is in fact an approximation in which wc have ignored possible effects on the running of TCI gauge 
coupling constant from ordinary color gauge fields and coloron fields. 
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U(1)em- Integrating out the S77(3)tc2 technigluons and the techniquarks T and T, 
Eq. (j60j) can be written as 



expl^Ewt^,^ 



exp 



i J d\{-\A% v A A r (102) 



--AAT - \*^B? ~ jB^BD + iSroLlA* B*, B„ Z'J + iS^W^, B 2fM ] 



where Stci[^, B£, B^, Z' ] has been given in Eq. (IB5]) for its general form and expanded up 
to order of p 2 in (IHHj) and p A in ( l89i) . and Stc2[W", B 2p \ is given by 



exp [iS TC 2[W°B 2fl ] 



VTVTVG^ exp 



(103) 



i id x 



1 



F^F^T + f[i$- g ?j2 r a 2 2 + l 2 P L + f 2 P R ] T 



with l 2ifM = -fl^W^ - q 2 \B 2pL and r 2jM = -g 2 (± + ^)B 2jJL . 

By means of the Gasser-Leutwyler's prescription presented in section II, the functional 
integration (11031) can be related to the QCD-type chiral Lagrangian by 



j VTVTVG a xp 



ifd*x(- \F^ V F^ V +f[0- g 32 r-0 a 2 + l 2 P L + f 2 P R ] T 



J VTVTexp {1 j <PxT[i$ + l 2 P L + f 2 P R ]T} 

VfJ,(U) exp{iS , TC 2-induccd es[U, Z 2 ,#*, r 2 J} , 

with the 5 , [/(3)TC2-induced chiral effective action 

■ (F TC2 )2 



(104) 



5'TC2-mduced es[U , l 2 ^, T 2;fl ] 



d x 



-iL^ C2 tr[F^V^UV u U^ + F^V^V V U] + L^hr[WF^UF 



+H r [ C2 tv[F^F R '^ + F^F L '^} 



(105) 



where 



V^U = d^U - ir 2 ,J) + iUl^ , V M t/ f = = djfl - il 2 ,Jfl + i&r^ 



= ifo^ - zr 2iM , <9„ - ir 2) „] , = i[o> M - il 2 ^, ^ - ^2,i/] • 



(106) 
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The coefficients F TC2 , Lj G2 , Lj C2 , Lj C2 , LJq 2 , Hj C2 arise from SU(3) TC2 dynamics. These 
coefficients relates to the K.J 02 coefficients as that appeared in one doublet technicolor model 

as 

r TC2 /v -2 "I" '^13 r TC2 /v -2 — /v 13 



r TC2,S' . r TC2,E' r TC2,S^0 _ r TC2,S^0 

^2 + ^13 r TC' *^"> ^1 

^1 = 1 L 10 



2 

r TC2,£^0 r TC2,S^0 r TC2,E^0 , 9jr TC2,E^0 _ r TC2,E^0 

^TC2 _ ^13 ^14 L TC2 — — — 13 14 

9 ~ 2 8 2 16 

rTC2 r TC2,E^0 r TC2,E^0 . r TC2,E^0 . ojr TC2,E^0 
^TC2 _|_ -^3 _ ^3 ^4 4/v 13 + ZA "14 (107) 

)Cj C2 coefficients with superscript TC2 denote present TC2 interaction, they are functions 
of technifermion T self energy £tc2(p 2 ) anc ^ detail expressions are already written down in 



(36) of Ref. 12J with the replacement of N c — > 3 and subtract out their £<rc2G° 2 ) = parts. 
Since TC2 interactions among techiquark doublet T is SU(3) which is same as one doublet 
technicolor model discussed before except Atc2 may be different as Atc of one doublet 
technicolor model, but as we discussed before JCj C2 , i = 1, 2, 3, 4, 13, 14 are independent of 
Atc2; therefore our JCj C2 , i = 1,2,3,4,13,14 are same as those obtained in one doublet 
technicolor model. This results present Lj , i = 1,2,3,9,10 and Hj C2 coefficients are 
same as those in one doublet technicolor model,in Table VI, we list down the numerical 
calculation result in which the method is already mentioned in previous section and except 
the result for Hj , all others are already used in Table I. 

TABLE VI. The obtained nonzero values of the 0(p 4 ) coefficients 

Hj C2 , Lf C2 , Lg C2 , Lj C2 , Lj C2 , Lj C2 for topcolor-assisted technicolor model. 

The F TC2 and A TC2 are in units of TeV and coefficients are in units of 10 . 



F TC2 A TC 2 



trTC2 _ rjlD rTC2 _ j ID rTC2 _ j ID rTC2 _ j ID rTC2 _ j ID rTC2 _ r ID 



0.25 1.34 



43.0 -6.90 4.87 2.02 1.01 -7.40 



Similar as one-doublet case for U is a 2 x 2 unitary matrix, and thus the Lj C2 term and 
the Lj C2 term are linearly related, 

rTC2 r ^ ~ } 2 

Lj^trKV^V^) 2 ] = -^—\ix[U^(^U)U 1 (V ft U)] \ (108) 

2 17 

Comparing Eqs. (11061) with standard covariant derivative given in Ref. [2|, we need to recog- 
nize 

fr = U, = D,U = d,U + %y^;{/ - Uiq^B 2li . (109) 
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And F* = -q 2 {\ + ^) B ^ F fr = ~92T W ^ ~ 92 with B 2lLV = d^B 2u - d v B 2ii is the 

U(1)y 2 gauge field strength tensor. 

Substituting above equations back into Eq. (1105[) . we obtain 

(F TC2 )2 



5'TC2-induced es[U, W, B 2 ] = d X 



where X„ is defined by 



_ _. /"ID _ _, 

-tr(X^) + (Li D + ^-)[tr(X^)] 2 



T ID 

lDr, /v v M2 •■ l '9 



-L™[tv{X»X v )\ 



q 2 B 2fl Mr S X»X») - iL™ti(W lu ,X' i X v 



rlD 
^10 



Hl D tr(W^W 



;no) 



111) 



With (HTTP and from Eqs.flHED, flBTbl) and fl59b]), we obtain 



X^ = X^ + %g x tan — . 
Substituting Eq. (II 121) into Eq. (IllOj) . we obtain, at the order of p 2 , 



112) 



o(2) 

°TC2-induced eff 
{F TC2 f 



[U,W a , B cos 9' - Z' sine'} 



d x 



9l 



tr(X M X^) - i gi tan6'Z'^r(T 3 X fl ) + ^ tan 2 Q'Z 

2 



/2 



113) 
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Similarly detail algebra gives 



^-induced JU, W\ B cos 9' - Z> sin 9'] 



y TC2-induced eff 

i / d A x 



(L\ D + -^)[tr(X /t X^)] 2 + Ll D [tr(X,X u )] 2 - iL™ti{W , V X»X») 

rlD rlD i 

T ID 

+Hl D ti(W flu W'l - (L{ D + ^^tanW^trX 2 ) (114) 

rlD I 

+ (L} D + L* D + ^-^tanVZ'- 4 - ^tanW' 2 Z'nr(X M T 3 )] 
-i^ D (7 2 tan 2 9'[Z' 2 tr(X u T 3 )tr(X u T 3 ) + Z'^tr^r^tr^r 3 )] 

rlD 

-(L} D + -^-)gX^YY 2 9'Z'+ l Z'> v iT{X^){X v T Z ) - hfg\ tan 2 tf'Z'^^tr^X,) 
+2z(L} D + ^-)^tan^Z^tr(X^r 3 )(trX 2 ) + 2iL^ 9l tan0'^tr(X i /r 3 )tr(X /i X I/ ) 

rlD i 

+*Hr<?i tan^tr(r 3 X^) + -^^ D tan^tr^XV)^ + tr(^r 3 X^)Z;j 

rlD i 



-^ lt an^tr(r 3 TO + — (-^10 + 11^ 1D )[^ 2 tan 2 ^^Z'^ - 2^ 2 tan^fl""] 
Thus, from Eqs. fU03Hllip we obtain 
z5 TC 2[W;, 5 2m ] = Trln [z# - ^y^L - g 2 ^ 2 ^ - g 2 (^ + y)# 2 ^] (115) 

X log J Vfl(U) exp (^.-induced eS P, W, B 2 ] + ^(kinduced eS [U, W, B 2 

We still left to compute Trln [i$ - g 2 ^^/ a P L - <? 2 |$ 2 ^l - <? 2 (| + 2 })$ 2 Pr], whi ch is at 
least order of p 4 . We can write Trln \i$ — g 2 ] ^-Vfr a PL — Q2\$ 2 Pl — <? 2 (| + 1 2 -)$ 2 Pr\ as 

Tr\n[0-g 2 ^\fr a P L -q 2 ~$ 2 P L -q 2 (~ + ^)$ 2 P R ] = Tr\og[0 + l 2 P L + f 2 P R ] (116) 
# = -SJ^" " fe^ = -ftyW^ - -foB" - ^tanfl'Z'^) 
r£ = -Q2{\ + y)^ = -(^ + y)(<7i^ - <7i tan^) 
Then with help of fl^Tj) . computation gives 

zTr In [z# - g 2 ^ a P L - q^$ 2 P L - g 2 (^ + y)$ 2 Ptf] (117) 



| d'x ^ 2 (B^^ + tan 2 ^Z^-2tan^B^) + ^ 2 2 ^ 



2 w a u/ a ./ iiy 



34 



Substituting Eq. (lll5j) into Eq. (I102[) and then comparing it with the last line of Eq. (l55l) . 

we have 



Af[W"B lx ]exp(iS eS [U,W°B i 



exp 



VB A VZ'exp 



j f ^ a t(--A a A a ^ u --A a a a>xv 



- A B Xilv B» v - - A B 2 , V B^) + Tr In [i$ - g^MfT P L - q 2 -$ 2 P L - q 2 {\ + -)$ 2 P R ] 



4 ^ 1 4 



6 



r" 
~2 



+iST C1 [A* B A B„ + zS T C2-induced es[U, W, B 2 ] 



(118) 



A£=0 



where we have put the SU(3) C gluon fields A A = on the right-hand side, for the QCD 
effects are small here. The normalization factor from its definition (|56|) can be calculated 
similarly as previous procedure, the only difference is that we switch off TC2 interaction by 
taking g 32 = and it will result S , TC2-induced e s[U, W, B 2 ] vanishes, then this leads ignoring 
term 2S , TC2-induccd cs[U, W, B 2 ] in above expression, we get expression for Af[W®, B^\. 



C. Integrate out of Colorons 



Now, as shown in Eqs. (11181 ). the next work is to integrate out the SU (3) c octet of colorons, 
B A . From Eqs. (l57al) and (I59a[) . it is straightforward to get 



A A 
A A 



A A „ sin e + B^cosd 
A A V cos 9 - B A ^ V sin 9 



where 



B A 41U d,B A - d v B A + ^ C (cot 9B* B c v + B*A° + A*B?) 



then Eqs. (11181) become 
Af[W^B,}exp (iS c k[U,W;,B, 



exp 



d*x(--W% u W a ^) 



VB A VZ'^x V 



7) 



+i j dH~\BiX" U cos 2 9 - \BlX" V sm 2 9 - -B^ - \b 2 , v B 

+Trln [i$ - g 2 — m a P L - q 2 \$ 2 P L ~ ? 2 (~ + ^)$ 2 Pr] + ^TC2-mduced cs[U 
L 2 o o 2 J 



(119a) 
(119b) 

(120) 



d,B A ~ dvBf - g? J ABC (t^9B*B c u + B%A° + A*BZ) (121] 



(122) 



W,Bo 



35 



Ignoring term i#TC2-induced e s[U, W, B 2 ] in above expression, we get expression for Af[W®, B^]. 
In above result, if we denote the coloron involved part be f T>B A e lS coi OI on[B A ,z'} ^ ^j ien 

S colovon [B A ,Z'} = S^T\B A } + Sf t %T z '[B A 1 Z'} + J d^xf-^B^B^ cos 2 9 

1 f//rci\2 
—B^B^ sin 2 9 + ^J-^(cot 9 + tan 9fB A B A ^ 

-|/C(cot 2 OB^Bf^ + tan 2 OB^B^)) (123) 

— ^coloront^) %'\ + ^Sloron [-^ ) (124) 

with 5° oloron [5 A , Z'] be linear and quadratic in coloron fields and S^ loTon [B A , Z'} be cubic 
and quartic in coloron fields, the detail form of them are given in ( 1C1I) and ( 1C2|) . Now 
coloron fields is not correctly normalized, since the coefficient in front of kinetic term is not 
standard —1/4. We now introduce normalized fields B^ as 

K = - C B L ( 125 ) 

c 2 = 1 + 0f[I/c£ cl ' E *°(cot0 + tan0) 2 + -/Cj, cl,5 *°(cot - tantf) 2 + /C(cot 2 + tan 2 0)] 

(126) 

With them, S® oloron [B A , Z'] in terms of normalized coloron fields become 

S° colo ron[B A , Z'} = J d'x \b a ^x)D^{Z')B^ v {x) (127) 



with 



D B ^\Z>) = D^T + A^(Z') D~Y V = g^(d 2 + M 2 oloron ) - (1 + \ B )PBr (128) 
A^(Z') = IffV^K™ 1 ** + KT^Zl.Z"' + (2K 3 TC1 ^° + -^T X ^)Z'*Z>> V \ 
^(cot + tan 0) 2 (cot 0' + tan #'^ 2 

"32c 2 " 



x iyii/3l LUl " T '" lli ' / ; ^aju^ T Miiiy ; (129) 



1 cot 6> + tan 9 QiF? 01 

M coloron = -<fe F TC1 = —^-J 130 

2 c 2c sm cos ft 



1 2 (cot + tan 0) 2 tci,e^o 
Ab = --g 3 - 2 M (131) 



Here we recover the estimation for coloron mass M co i oron ~ g 3 A/(sin 9 cos 9) given in Ref. 17] 
if we identify A = Fq C1 / (2c). We now denote the result action after integration over colorons 
as 

j T)B A e i ^ coloTon ^- BA > Z '] = g^coloron [Z'] (132) 

36 



S'coioron \Z'\ are all vacuum diagrams with propagator D^(Z') and vertices determined by 
S^ loron [B A , Z 1 }. The loop expansion result is 

^coloron \Z'\ = — -Tr log D^ 1 (Z') + two or more loop contributions (133) 

The first term in the r.h.s. of above equation is one loop result, if we further perform 
low energy expansion for it and drop out total derivative terms, we find the contributions 
from one loop term is quartically divergent up to order of p 4 which will be vanish if we 
take dimensional regularization, then up to order of one loop precision, colorons makes no 
contributions. 



D. Integrate out of Z' 



From Eqs. f!57bl) and f!59bl) imply 



B llw = sin & + {d„Z' u - 9„zy cos 6' , 
B 2fiu = B^ u cos 8' - {d^Z' v - d v Z' ) sin#' . 



(134a) 
(134b) 



Substituting B ltl = B^ sin 6' + Z'^ cos 6', B 2fl = B^ cos 6' — Z'^ sin 6' and Eq. (11341) into the 
right-hand side of Eq. (11221) , combined with (11321) , we get 



Af[W«, B^} exp f iS eS [U, W;, B^ 
i [ d 4 x{-\w*W a » v ) 



exp 
4 



J T^exp ijd 4 x(- \b, u B^ - ±(d,Z' u - d v Z { 



i-'i 



M£^l!( cot 0> + tan ') 2 Z' 2 - hcy-^B^ + ^(cot 2 9' + tan 2 B')Z'^Z'^ 
v M(cot0' - tm^B^Z''^ + ^coioroB^'] + iS&flB] + iS^'\z'} 

+iS^f Z '\B, Z'\ + Tr In [i$ - 9 Xty a P L - q 2 \$ 2 P L - q 2 {\ + ^-)$ 2 Pr\ 

2 o o 2 



i{ic,BZ') 
'TCI 

+z5'TC2-induced eS[U, W, B 2 



(135) 



Ignoring term i5rc2-iiiduced e s[U, W, B 2 ] in above expression, we get expression for Af[W®, B^]. 
In above result, if we denote the Z' involved part be J T>Z' e lSz '^ z '' u,wa ' B \ then we will find 
that Z' field in Sz'[Z', U, W a , B] is not correctly normalized, since the coefficient in front of 
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kinetic term is not standard —1/4. We now introduce normalized fields Z' R as 

z '» = \, z k, ( 136 ) 

c '-2 = i + ^M( co t2^ + t a n 2 ^) + ^[^2 CW0 (cot^ + tan^) 2 (137) 
^-/Cg 31 ' E?^o (cat0 , - tanft') 2 ] - Y^/CtanV - ~(L}° + ll# 1D )<7 2 tan 2 0' 

then 

17, 5] = | rf 4 x [i^CxJD^Z^tx) + ^Jz,, + Z R Z' R ^ Z + ^z^^ 4 ] (138 

with 

D z Ulu = g^(d 2 + M%) - (1 + \ z )d»d u + Af (X) (139) 

Ml = Mi^T (cQt g, tan g/ )2 + ^(^0 TC2 ) 2 tan 2 g/ (14Q) 
Z g c /2 4 c /2 

A z = -^ cl ^ o M(cot^ + tan0') 2 (141) 

tan 2 ft' 

Af (X) = -^ 2 — ^{(2L} D + Lf )<T(trX 2 ) + (2L} D + ^ D )tr(X M r 3 )tr(X,r3) 

+2L 1 ? D tr(X (U X i ,) + 4 D [^tr(X,r 3 )tr(X^r 3 ) + tr(X M r 3 )tr(X,r 3 )]} (142) 

and 

^ = J'zo + ^B, v + jf (143) 

/ pTC2\2 

J zo = -^i^^tanfl'tr^X") (144) 

7 = -(3/C + /C^ 3 cl ' s ^°)-(cot^-tan^) - (11/C + 2L™ + 2277 1D )- tanft' (145) 

2 9 

2z L 1D 2z 

= -(L} D + ^-)( 7l tan^ / tr(X M r 3 )(trX 2 ) + —L^gi tan /9'tr(X„T 3 ) (trX^Xj,) 

+ ^ 7 ( ?1 Li D tan0 , tr[(^r 3 - rW^X^] + ^-jL}fgi tan fl'cT [trr 3 {X^Xy - X„X M )] 

-^Li^ 1 tan^tr(r 3 W / ^) 

q rlD 1 

g,z = (Kj C1 '^° + lCl cl ^)^-( C ote' + tan£') 4 + (^ D + Lf + ^_)±tau 4 0' (146) 

25o 2 4 

J£z = ~^- 3 (Ll D + ^° + ^-)^?tan 3 fl'tr(X,r 3 ) (147) 
We denote the result action after the integration over Z' as 

J VZ'^ e iS zl [Z',U,W a ,B] _ e iS z ,[U,W a ,B] ^ 14g ^ 
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We can use loop expansion to calculate above integration 

S z > [U, W a , B] = S z > [Z' c , U, W a , B] + loop terms 



with classical field Z' c satisfy 

d 



S Z >[Z' C , U, W a , B] + loop terms 
With (HMD, the solution is 

Zf{x) = -D%J z ,v(x) + 0(p 3 ) + loop terms 

then 







(149) 



(150) 



(151) 



S z ,[U,W a ,B] 



where 



1 



cfx [~Jz,^J z , v - J 3 zA D T' Jzy){D%Jz,v) 2 + 9iz^(D7Jz 



+loop terms 



(152) 



IJ? L>z,u\ - L>z U Z,v\ - 9\ 



and it is not difficult to show that if we are accurate up to order of p 4 , then p order Z' c 
solution is enough, all contributions from p 3 order Z' c are at least belong to order of p 6 . 
With these results, (11351) become 



N[W;, B,] exp iiS eS [U, W«, B, 

iS z > [U, W a , B] + iS^'P [B]+i J d l 



(154) 



exp 



x 



1. 

14 

4 > 



1 

4^ 



-W?„W a ^ - ~B„„B^ - K^B„ V B^ 



^TC2\2 



111 1 ( w 

--K{-g\B, v B^ + -g 2 2 W^W a n - L°_^ t r(X^) + (L\ 

rlD 

lDu„/ v v \i2 ■rlD + „/T77 vuvu\ ■ 1 -"A 



TlD 

1D 1 3 )[tr(X^)] 2 



2 

rlD 



+Ll D [ti(X^X u )] 2 - iL\?ti{W, u X»X») - i-^-g 1 B ia ,\x{T*X»X v ) + -^-g^B^^W^) 
+^(L% + llHl D )g 2 B^ + i/| D tr(WVW^ 

Ignoring term with coefficients F^ 02 , Lj D and if^ D in above expression, we get expression 
for N\W«, Bp], with it we finally obtain S^U, W", B M ] 



d 4 x 



(pTC2\2 rlD 

^-^tr(X^) + (L\ D + ^-)[tr(X^)] 2 + L?[tr{X,X v )] 2 



rlD 

-iL^W^X") - z^-g.B^Mr'X^X") + 
+^(L$ + UHl D )glB, u B^ + H^W ^W^) 



^B.Mr'W^) 



A5 eff [[/,^;, J B /i ](155) 
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i.e. our result EWCL is equal to standard one-doublet technicolor model result plus contri- 
butions from Z', we denote this Z' contribution part AS e g[U, W", B^], 

AS eS [U, W%, B,] = S Z ,[U, W a , B] - S Z ,[U, W a , £]| f t C2=0>l id = ^d =0 . (156) 

Correspondingly, EWCL coefficients for topcolor assisted technicolor model can also be 
divided into two parts 

/2 = (F TC2 )2 ft = Aft <*i =ai|onodoulct + Ao* i = 1, 2, . . . , 14 (157) 

in which ati\ one douiet * = 1,2, ...,14 are coefficients from one-doublet technicolor model, 
their values are given in (Q and Table I. A/3\ and Aa» % = 1, 2, . . . , 14 are contributions 
from Z' and ordinary quarks, since we do not consider ordinary quarks in this work, so in 
the next part of this paper, we calculate Z' contributions. 
With help of (TI52]) . fTT39l and ([113]) 

/I 1 2 

d 4 x [--Jzo,,D^J ZOtU - —J^J* + 9 -±ld v B^) 

1 4 

-mt j *** j ™ j x> + J% J *° ] (158) 

With help of following algebra relations, 
9 M tr[r 3 X^] = 

ti[r\d^X u - dyXj] = -2tv(r 3 X„X v ) + itv^W - i^B^ 

tr(T 3 X fl X u )tr(T 3 X^X u ) (159) 
= [tr(X^)] 2 - [trp^X")] 2 - tr(X^)tr(r 3 X^)tr(r 3 X^) + tr(X^)[tr(r 3 X„)] 2 
ti(TA)tr(TBC) + tr(TB)tr(TCA) + tr(TC)tr(TAB) = 2tr(ABC) 

where tvA = trB = trC = and T 2 = 1. We can show (I158[) leads to the form of standard 
EWCL, further combined with (11551) and (11441) . we can read out p 2 coefficient 

_2/77>TC2N2 / P TC2\2 

Pl ~ 8c' 2 M 2 , 3(F TC1 ) 2 (cot 2 ^+l) 2 + 2(F TC2 ) 2 1 j 

which imply a positive (3\ which is further bounded above. With the fact that / = Fq C2 = 
250GeV and original model requirement F^ C1 = ITeV, we find 



1 

24(cot 2 6> 7 + 1) 2 + 1 



2 A = 777777772777^7^ ■ (161) 
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Combine with aT = 2(3\ given in Ref . , we obtain result that topcolor-assisted technicolor 
model produce positive and bounded above T parameter! The upper limit of (3\ is 1/50 
which corresponds to upper limit of T parameter l/(25a) ~ 5.1. From (I160p . we know (3\ 
coefficient is uniquely determined by parameter 9', therefore instead of using 9' as the input 
parameter of the theory, we can further use (3i or T = 2f3\/a as the parameter of the theory. 

The p 4 order coefficients can be read out from derived EWCL (11551) and (11581) . we list 
down the results as following, 

/pTC2\2 

«! = (!- 2A)L£ + ^r-A - 2 7 A cot 9' 



z 1 



2 



a 2 = --(1 - 2/3 1 )L? " 2M^T^ ~ 27A COt6 ' 

z 



ID 



rlD ( pTC2\2 

« 5 -^i +^ — 2Mfr A_2AL9 



( 'pTC2\2 r ID 

6 = — 2M 2 , ^ ^ 2 ~ ^ 2 ~1T^ 



/pTC2\2 

or = A^r- + 2(A 2 - /5i)(2L} D + L 4D ) + 2AL 9 1D 



/ T7TC2^2 
(.£0 

2M|, 



«8 = -A^b^ + /3i^ 



/ pTC2^2 

2Ml, 



rlD 

a 10 = (4/5 2 - 8ft 3 ) (Li D + L\ D H — |— ) + 16&V cot 4 0' 

«H = OJ12 = OJ13 = «i4 = 

Several features of this result are: 

1. Except the part of one-doublet technicolor model result, all corrections from Z' particle 
are at least proportional to (3i which vanish if the mixing disappear by 9' = 0. 

2. Since L\® < 0, therefore (11621) tells us a$ is negative and then U = — 167ra 8 is always 
positive in this model. 

3. Except ax, «2 and axo, all other coefficients are determined by one-doublet technicolor 
model coefficients given in Table VI and two other parameter (3\ and F^ 02 /Mz>- 
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4. ckio further depend on parameter g^z which from (11461) further depend on /C 3 + 
K 4 TC1 ^° which are already given by (jlOip and Table III. 

5. a\ and a 2 further depend on 7 which from (I145P further rely on an extra parameter 
K. We can combine (11601) and (11371) together to fix /C, 



Once K, is fixed, with help of fl92|) . we can determine the ratio of infrared cutoff k 
and ultraviolet cutoff A, in Figfjja), we draw the k/A as function of T and Mz', we 
find our calculation do produce very large hierarchy and we further find not all T and 
Mz' region is available if we consider the natural criteria A > n. This criteria leads 
constraints that as long as Z' mass become large, the allowed range for T parameter 
become smaller and smaller approaching to zero, for example, T < 0.37 for Mz> = 
0.5TeV, T < 0.0223 for M z , = ITeV and T < 0.004 for M z > = 2TeV. In FigH^b), we 
draw Z' mass as function of T parameter and k/A. The line of k/A = 1 give the upper 
bound of Z' mass. The upper bound of Z' mass depend on value of T parameter, the 
smaller the T, the larger the upper bound of Mz>- 

6. For fixed Mz>, there exists a special 9' value which maximizes a\. The parameter, 
S = —167^!, is of special importance in new physics search, in FigfJl we draw a graph 
of minimal S parameter with different T parameter. We see that if the Z' mass is low 
enough, say Mz> < 0.441 TeV or T > 0.176, S will become negative. 

Since we already know F^ C2 = 250GeV, therefore all EWCL coefficients depend on two 
physical parameters j3\ and Mz 1 - Combined with aT = 2(3±, we can use the present exper- 
imental result for the T parameter to fix f3\. In FigSJ, we draw graphs for the S and U 
parameters in terms of the T parameter. We take three typical Z' masses Mz> = 0.5, 1, 2 
TeV for references. In FigJH we draw graphs for all p A order nonzero coefficients in terms of 
the T parameter. Where for and «io, we only draw one line for each of them, since they 
are independent of the Z' mass. 



(F TC2 )2 



tan 2 9' 




8/3iM§, 



+K? 3 cl ^°(cot 9' - tan 9') 2 } - + 11^°) tan 2 9 
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FIG. 1: (a). The ratio of infrared cutoff and ultraviolet cutoff k/A as function of T 
parameter and Z' mass in unit of TeV. (b). Z' mass in unit of TeV as function of T 

parameter and k/A. 
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IV. CONCLUSION 



In this paper, we have set up a formulation to perform the dynamical computation of 
the bosonic part of EWCL for the one-doublet and top color-assisted technicolor models. 
The one-doublet technicolor model as the earliest and simplest dynamical symmetry break- 
ing model are taken as the trial model to test our formulation. We find our formulation 
recovers standard scaling-up results. The top color-assisted technicolor model is the main 
model we handle in this paper. We have computed its TCI dynamics in detail and ver- 
ify the dynamical symmetry breaking of the theory, TCI interaction will induce effective 
interactions among colorons and Z' which are characterized by a divergent constant /C, a 
dimensional constant Fq and a series of dimensionless QCD constants L\, L 3 , L 9 , L 10 , Hi. 
For TC2 dynamics, it will induce effective interaction for Z', electroweak gauge fields and 
their goldstone bosons. Due to its similarity with QCD, we use Gasser-Leutwyler prescrip- 
tion to describe its low energy effects in terms of low energy effective Lagrangian with a 
divergent constant /C, dimensional constant F^ 02 and a series of dimensionless constants 
L\ D , L^ D , Lg D , Lg D , L^q , Hl D the same as those in one-doublet technicolor model. Due to 
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FIG. 2: The dashed line is the minimal S parameter in topcolor assisted technicolor 
model for different T. The solid lines are the isolines for different choices of Z' mass 
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dynamics similarities between TC2 and QCD, TC2 interaction make a direct contributions 
to EWCL coefficients a part which is the same as that of one-doublet technicolor model. 
Further corrections are from effective interactions among colorons, Z' and ordinary quarks 
induced by TCI and TC2 interactions. We have shown that colorons make no contributions 
to EWCL coefficients within the approximations we have made in this paper, while ordinary 
quark are ignored in this paper for future investigations. In fact, for some special EWCL 
coefficients, such as S = — 16irai, aT = (3\ and U = — 167ra8 parameters, general fermion 



contributions to them are already calculated 23J , S,T,U and triple-gauge- vertices from a 
heavy non-degenerate fermion doublet has been estimated in ref. [9|, [24| . One can based on 
these general results to estimate possible contributions to some of EWCL coefficients. For 
topcolor-assisted technicolor model in this paper, the main work is to estimate the effects of 
Z' particle. Our computation shows that contributions from Z' particle are at least propor- 
tional to (3\ and then vanish if f}\ is zero. One typical feature of the model is the positivity 
and bounded above of f3\ parameter which means the T parameter must vary in the range 
~ 1/ (25a) and the positive U parameter. If we consider the natural criteria A > k which 
will further constraints the allowed range for T parameter approaching to zero as long as Z' 
mass become large, for example, T < 0.37 for Mz> = 0.5TeV, T < 0.0223 for Mz> = ITeV 
and T < 0.004 for Mz> = 2TeV. For S parameter, it can be either positive and negative 
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FIG. 3: The S and U parameters for topcolor assisted technicolor model. Fq C2 = 250 
GeV, the T parameter and Mz> = {0.5, 1, 2} TeV are as input parameters of the model. 




(a) S (b) U 



depending on the Z' mass is large or small. As long as Mz> < 0.441 TeV or T > 0.176, 
we may find negative S. There exist a upper bound for the mass of Z' which is depend 
on value of T parameter, the smaller the T, the larger the upper bound of Mz>- Except 
U(1)y coupling g 1 and coefficients determined in one-doublet technicolor model and QCD, 
all EWCL coefficients rely on experimental T parameter and coloron mass Mz>- We have 
taken typical values of Mz> and vary T parameter to estimate all EWCL coefficients up to 
order of p 4 . Further works on matter part of EWCL and computing EWCL coefficients for 
other dynamical symmetry breaking new physics models are in progress and will be reported 
elsewhere. 
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FIG. 4: Nonzero EWCL coefficients ai(i — 1,2, ... , 10) for the top color-assisted technicolor 
model up to order of 0(p A ). F TC2 = 250 GeV, the T parameter and M z > = {0.5, 1, 2} 

TeV are as input parameters of the model. 
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APPENDIX A: TWO EQUIVALENT EWCL FORMALISMS 

The electroweak chiral Lagrangian is constructed using a dimensionless unitary unimodu- 
lar 2x2 matrix field U(x), In Ref.|2j, the electroweak chiral Lagrangian has been constructed 
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with the building blocks which are SU(2)l covariant and U(l)y invariant as: 



T = Ur 3 U^, V, = {D,U)U\ g 1 B IH/ , 9iW ^ = gJ-W^ v . (Al) 



Alternatively, we reformulate the electroweak chiral Lagrangian equivalently with SU(2)l 
invariant and U(l)y covariant building blocks as: 



X M = U\D, L U) , 9l B^ , = U^g 2 W flu U 



(A2) 
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among which, r 3 and giB^ are both SU(2)l and U(l)y invariant, while and W ^ are 
bilinearly U(l)y covariant. This second formulation is largely used throughout this paper. 
We list down the corresponding relations of the two formalisms. 



APPENDIX B: S^ c p[B% S^f[B], S { £f\ S^f AZ \b a , Z>], S^ Z '\b, Z'] 



S: 



{Ac,B A ) {u A 
TCI 



[B< 



J d 4 x - ICr^^icote + t;m9) 2 (d IM B A ^) 2 

_^Cl,E^o| (cot0 + tane)2jB ^^ 

^ 3 TC1 .^[l(cotH t^6)\B A B A ^f + ^(cot^ + tzn6)\d ABC B*B c ^) 2 } 

+JC ^o { A {cot e + t a n0)\B A B A r 

+ ^(cot^ + tan6)%f ABG + d ABC )B»B°f} 

-^3 C1 '^°|(cot^-tan^ 2 <X- 

+/C TCl^og (cot0 _ tan ^ )(cot g + taae y B A,^ f ABO B B B c\ (m] 
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TABLE I: The Symmetry Breaking Sector of the Electroweak Chiral Lagrangian 
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\ia 9 g 2 tr{TW^)tr{T[V^,V v \) 


ia 9 tr(T 3 W^)tr(T 3 X^X u ) 


£10 


ioio[tr(T^)tr(rK)] 2 


iaio[tr(r 3 X / ,)tr(r 3 X i ,)] 2 


>Cn 


a ll52 e^ A tr(r^)tr(KW pA ) 


a 1 ie^ A tr(r 3 X /U )tr(^W pA ) 


A 2 


a 1292 tT(TV ll )tr(V„Wn 


ai 2 tr(T 3 X /i )tr(X 1/ V7 M ") 


£13 


a 13 g 2gi e^B^tr(TW pa ) 


ai 3 e^^ 5 iS Mi ,tr(r 3 Tr pCT ) 


£14 


augle^tiiTW^tiiTW^) 


ai 4 e^tr(r 3 W /w )tr(r 3 Tr p(T ) 



5, 



(4c,B) 
TCI 
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<i x 



TCI 
13 



s, 



TCI 



/ d A x [-^ cl '^M( co t0' + ta n^ 2 (a^) 2 

J L 16 

+ ( ^TC1, S ^0 + ^-TCl^M (cot & + t^6')\Z'^f 

_M[xy 31 ^°( C ote' + tan#') 2 + /C£ 31 ' I * o (cot0' - tan0') 2 ]^'' 
16 
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i(4e,B A Z')rr>A 



J TCl 



\B A ,Z'\ = Jd 4 x ^^[^(cote + t a n6)\cot6' + t a n6') 2 B A B A ^ZlZ''» 

2 2 

+ ^3( cot + tan#) 2 (cot 0' + tan6') 2 (B A Z'^) 2 
32 

+ ^|l( co te + tan0) 3 (cot0' + tan 6')d ABC B B B C ^B A Z'^] 

+/c TCWOr0M(cot0 + tan#) 2 (cot#' + tan^) 2 (^^) 2 
256 ^ 

+ M3( C ot0 + tan#) 2 (cot 0' + twi&) 2 [B^B^Z' v Z'^ + {B A Z'^f\ 
+^I(cot + tan 0) 3 (cot 0' + tan &)d ABC B*B° B A *Z'< V } 



32 



(B4) 



5, 



(4c,BZ') 
TCI 



[5, 



Z'] = J d A x - JC^ 1 '^ ^ (cot 9' - tan 6') B^Z''^ 



(B5) 



with B A = d^B A - 8 V B A - f (cot 9 - t(m6)f ABC B B BC. 



APPENDIX C: S° coloron [B A , Z'\ AND S^ oron [B A , Z'] 



"-"coloron 



[B A , Z'\ 



d A x 



^{ (F ° TC1)2 (7 2 (cot + tan 6) 2 + [/Cj cl ' s ^°^M(cot + tan 0) 2 (cot & + tan 9') 
8 64 



,2„2 



+ ^TC1,E^0^|3 (cQt g + tan ^)2 (cot + tan ^)2] Z / Z /,A| 
+ ^TCl,E^0^M (cot + tane) 2 (cot + tan 0/)2 

+^J cl '^°^M(cot 6 + tan 0) 2 (cot 6' + tanfl') 2 ]^^ „ 
256 J * 

-1C[ C1 ^ 9 1 (cot0 + tan0) 2 (<V^) 2 
8 

[-£j cl ^°|(cot 9 + tan0) 2 - ^ 3 cl ^°|(cot 6 - tanO) 2 
~\ ~ T^ cot2 9 + tan2 e Wn B * ~ duB A ){8^B A ^ - d u B A ^) 



(CI) 
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and 



d 4 x 



/Cj cl ' s ^(cot 9 + tanfl) 2 ^^ - d v B A )2g 3 {- cot 9 + tan e)f ABC B B ^ l B c > u 



+ ^(_ co t + tan #) 2 f ABC B B B^ fAB'C b b'^ b c,^ 
+£j cl ^°[^(cot0 + tan0) 4 ^ 

<' K l|(cotH tan^ 4 ^^) 2 + ^(cot6» + tan6>) 4 [(i/^ c + d^°)B^} 

-/Cj 01 '^ — (cot^ - tan#) 2 [(d M B A - d„B A )g 3 {-cot9 + tan9)f ABC B B '"B°' u 
8 

+1^2 (_ cot + t^9ff ABC B B B^f AB ' c 'B B '^B c '' v ] + ^ci,s^og (cot _ tan ^ )(cot # + tan( 

#3 

2 



x^a,* _ + ^(_ co t# + tan 9) f ABC B B ^B c ' u ]f ABC B B B^ 

+/c tci,s#o^| (cQt g, + tan ^)3(cot 0' + tan9')d ABC B B B c ^B A Z'<» 
32 

+ ^—^| (cot , + tan , )3(cot , + tan , 0d ^c„ 

cos 2 9[2g,{d,B A - d v B A ) cot f ABC B B '^B C ' V + ^ 2 cot 2 f^c B B^ B c,u f AB'C B & B CJ 

1 

~4 



~ sin 2 9[-2g 3 (d„B A - d u B A ) tan f A ^ B B,„ B c,u + ^2 tan 2 f ABC B B,p B c, v f AB>c> B & B c>^ 

9 ^K COt 2 9[-2g^d^ - d v B A ) COt fABC B B^ B C,u + ^2 CQt 2 g jABC-qB^C,* jAB'G B & j^C' 

^Ktan 2 e[2g z {d^ - d v B A ) tan 9 f ABC B B ^B C >» + ^ 2 tan 2 ef ABC B B ^B C ' v f AB ' c 'B B ' B c v ' ] 
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